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Abstract 
Supercritical fluids have been the subject of much recent interest as solvents in which 
to study fundamental photochemical reactions, since they allow, through changes in 
pressure and temperature, changes in a number of solvent parameters without 
changing chemical identity. As a result it is possible to control or tune a reaction by 
adjusting temperature and/or pressure. 
Ground state molecular oxygen ergO) is a potent quencher of electronically excited 
states of molecules. Transient absorption of triplet benzophenone eBP) has been 
studied as a function of temperature and pressure, to investigate the reactivity of 
triplet benzophenone toward molecular oxygen, in supercritical carbon dioxide. The 
spin statistical factors suggests a maximum of % possible pathways result in 
quenching for two triplets, proceeding either via energy transfer to molecular oxygen 
e /9) or via intersystem crossing to the ground state (%). Rate constants for quenching 
of benzophenone by ground state oxygen were found to be in the range 2.5 x 108 to 
9.76 X 107 I mor l S-I, well below one ninth of the diffusion limited rate, attributed in 
part to the high triplet energy of benzophenone. Quenching rates exhibited a negative 
temperature dependence, providing evidence for the exothermic formation of an 
exciplex, leading to negative calculated activation energies. A negative pressure 
dependence on the quenching rate was attributed to increasing viscosity. Decay rate 
constants extrapolated to zero oxygen concentration did not appear to exhibit any 
significant trends with temperature or pressure. 
Quenching via energy transfer forms the lowest lying excited singlet states of oxygen, 
Irg+ (158 kJmorl) and lL'ig (94 kJmor\ the latter being the active species in many 
important photo-processes and more commonly known as singlet oxygen. Due to the 
chemical and biological importance of singlet oxygen, quenching in conventional 
solvents has· been studied in depth. However, few studies have been reported in 
supercritical fluids. Utilising near-IR detection techniques it was possible to measure 
the phosphorescence of singlet oxygen at I 270nm, generated via energy transfer from 
benzophenone and anthracene in supercritical carbon dioxide. Employing 
perinaphthenone as a reference sensitiser, singlet oxygen quantum yields obtained in 
supercritical carbon dioxide, from excitation by benzophenone, ranged from 
approximately 0.51 to 0.69 and were found to decrease with temperature supporting 
exothermic exciplex formation. Measured quantum yields obtained for anthracene 
(based on perinaphthenone <1>", = 0.95), ranged from 0.88 to 1.30 and were found to 
increase with temperature. At high oxygen concentrations and high temperatures, 
quantum yields obtained were greater than one, which suggested that either 
perinaphthenone is subject to degradation or that the perinaphthenone singlet oxygen 
quantum yield is not independent of temperature or pressure. Modelling studies 
performed with anthracene revealed the ground state is repopulated within the laser 
pulse. This allows scope for multiple excitation and under these conditions quantum 
yields greater than one would be obtained. 
The temperature and pressure dependence on the solubility of both benzophenone and 
anthracene have also been elucidated in supercritical carbon dioxide. Both these 
parameters were observed to affect the concentration of each solute in the cell. 
Herein the methodologies employed are described, and the results obtained are 
reported. Rationales are provided to explain the observed trends. 
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Glossary of Terms 
A = Wavelength (metres) 
v = Frequency of radiation, no. of complete cycles per second (Hz) 
c = Speed oflight in a vacuum (2.998 x 108 m s·,) 
h = Planck's constant (6.63 x 10.34 Js) 
NA = Avogadro's number (6.023 x 102l mol") 
0',0'*= Sigma bonding and antibonding, respectively 
n, n* = Pi bonding and antibonding, respectively 
'I' = Wavefunction 
M = Spin multiplicity 
rc = Internal conversion 
ISC = Intersystem crossing 
VR = Vibrational relaxation 
.,0 = Natural lifetime of a species 
<PT = Triplet quantum yield 
<P6 = Singlet oxygen quantum yield 
PS02, P T
02 
= Proportion of singlet and triplet states quenched by oxygen, respectively 
h S, hT = Fraction of singlet and triplet states quenched, which produce singlet 
oxygen, respectively 
fr 02 = Fraction of singlet states quenched which produce triplet states 
SCF= Supercritical fluid 
':Eg+ = Second excited singlet state of oxygen 
'Llg, = First singlet excited state of oxygen (singlet oxygen) 
l:Eg' = Ground state oxygen 
III 
k.JitT, k-ditT= Rate of diffusion and dissociation, respectively 
11 = Viscosity 
10 = Incident light! radiation intensity 
I = Transmitted light intensity 
c = Concentration (mol r') 
I = Pathlength through the solution (cm) 
E = Decadic molar absorption coefficient (I mor' cm") 
kobs = Observed rate constant (s·') 
k.J = Decay rate constant (s") 
kq T = Triplet quenching rate constant (l mor' s·,) 
kqs= Singlet quenching rate constant (I mor' s·,) 
[Q) = Concentration of quencher (mol r') 
~GCET = Free enthalpy change for complete energy transfer 
Ecr = Energy of charge transfer state 
F = Faradays constant (9.6485 x 104 Coulomb mor') 
ET = Triplet energy 
A = Pre-exponential factor (I mor' s·,) 
Ea = Activation energy (kJ mor') 
R = Ideal gas constant (8.3145 J K" mor') 
kq [BZP) = Ground state / self quenching rate constant (l mor' s·,) 
kTTA = Rate of triplet-triplet annihilation (l mor' s·,) 
kq [C02) = Quenching due to carbon dioxide (I mor' s·,) 
p= Density (g cm·3) 
V = Volume (m3) 
Mr = Molecular mass (g mor') 
'v 
Chapter 1 
Introduction 
1.0 Introduction 
1.1 Principles of Photochemistry 
Photochemistry is the study of chemical reactions that occur due to the absorption of 
light. Light is a form of electromagnetic radiation, which consists of an oscillating 
electric field and an oscillating magnetic field, operating in planes perpendicular to 
each other and to the direction of propagation. Photochemistry concentrates mainly on 
the visible or ultraviolet (UV) region, 4.1 x 1014 - 1.6 X 1015 Hz (740nm to 190nm), 
this is the region of electronic spectroscopy due to excitation of outer electrons. 
Yellow 
X-rays uv C UV B UV A Violet Blue Green .. Orange Red Infra-red 
200 280 320 390 445 500 575 580 620 740 
Wavelength (nanometres) 
Figure 1.1: The ultraviolet and visible regions ofthe electromagnetic spectrum 
The wavelength and the velocity oflight are related by the equation: 
C=VA 
Where: A = Wavelength, distance travelled during a complete cycle (m) 
v = Frequency, no. of complete cycles per second (Hz) 
c = Speed oflight in a vacuum (2.998 x 108 ms· l) 
I 
1.1 
---------- - - --
Absorption of the appropriate wavelength of light (usually ultra-violet or visible) may 
cause a molecule to form an electronically excited state, which may have very 
different electronic and nuclear properties to the ground state and the products of its 
reactions may be very different from those obtained from thermally activated 
processes. This remarkable behaviour of molecules when they have captured a photon 
of light distinguishes photochemical reactions from thermally activated processes, one 
of the major differences lies in the different electronic distributions between the 
ground state and excited states of a molecule, consequently leading to major 
alterations in the chemical behaviour. A second major difference is the 
thermodynamics, since an electronically excited state of a molecule has a higher 
internal energy than the ground state, there exists much greater choice of reaction 
pathways for the excited state on thermodynamic grounds. 
1.2 Quantisation of Energy 
Max Planck proposed the idea of discrete energy levels and showed the energy of a 
molecule could only be changed by a jump in energy between these levels, Figure 1.2. 
~E 
El 
Figure 1.2: Two energy states of a system in a molecule 
Formulation of photochemical theory began with the Grotthus and Draper law of 
photochemistry which states: only the light which is absorbed by a molecule can 
induce a photochemical change within the molecule. However processes dependent 
upon transfer of energy or charge from a photoexcited molecule, which then reacts are 
excluded for this law. A second law which gives a better relation is given by Stark 
and Einstein and states: a molecule undergoing a photochemical change does so 
2 
through the absorption of a single quantum of light. Thus when a molecule absorbs a 
quantum of radiation, it is said to become energy rich or excited in the absorption 
process, the energy of the absorbed photon dictates the nature of excitation, these 
electronic transitions are said to be quantised processes. Light of a given energy will 
be absorbed by a molecule to produce an electronically excited state, the energy of 
this quantum of light will be equal to the excitation energy of each of the excited 
molecules and is given by the following equation: 
E=hv 
Where h = Planck's constant (6.63 x 10.34 1s) 
V = Frequency of radiation (Hz) 
1.2 
This equation refers to the pnmary photochemical process of a species. These 
processes may induce chain reactions consuming many further molecules of the 
starting material without the need for more light. 
The molar excitation energy of the transition (E) is defined according to the equation: 
E = Nhc =Nhv 
A 
Where N = Avogadro's number (6.023 x 1023 mor') 
c = Velocity of light in a vacuum (ms·') 
"- = Wavelength (metres) 
1.3 Absorption of Radiation 
1.3 
When a photon passes close to a molecule there is an interaction between the 
electrical field associated with the molecule and the electric field associated with the 
radiation. 
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This perturbation may not result in a permanent change in the molecule, but it is 
possible for a reaction to occur where the photon is absorbed by the molecule, thus 
changing its electronic structure. This occurs when the molecule absorbs a quantum of 
radiation whose energy corresponds to a transition within the molecule. In terms of 
molecular orbitals this means a change in the occupation patterns within the orbitals, 
which is the same set of orbitals in the excited state as in the ground state, this is a one 
electron excitation. The energy of the photon may not match exactly the energy 
difference between the lowest vibrational levels of the ground and excited state of the 
absorbing molecule, the energy of the photon may be in excess, when this occurs an 
upper vibrational level in the excited state is initially populated but quickly loses its 
energy to relax back down to the lowest vibrational state. 
The absorption of a monochromatic beam of light by a solution (homogeneously 
absorbing system) at a given wavelength is related to the concentration of absorbers 
and the pathlength of solution, through the Beer-Lambert law: 
Log]o loll = Eel 
Where 10 = Incident light intensity 
I = Transmitted light intensity 
c = Concentration (mol r') 
I = Pathlength through the solution (cm) 
1.4 
g = Decadic molar absorption coefficient which characterises the probability 
of the transition (1 mor' cm-I) 
1.4 Electronic Structure of Molecules 
The electrons in a molecule occupy molecular orbitals, together with wavefunctions 
they can be used to describe the positions of electrons in a molecule. Molecular 
orbitals are often formulated from linear combinations of the valence shell atomic 
orbitals, Figure 1.3. 
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Energy 
Atomic 
Orbital 
\If (I) 
.•.•.. 
........ 
~ ...... 
.... 
...... 
................. 
Molecular 
Orbital 
Atomic 
Orbital 
IJI (u) Antibonding 
. ........ . 
...... 
. ..... . 
", 
. .•.•..•...•..•..... ~ \If (2) 
____ ,·cc ............................................................................................................................. ) __ _ 
Atom (I) 
Is Orbital 
\If (g) Bonding 
Atom (2) 
I s Orbital 
Figure 1.3: Energy levels ofs-s atomic and molecular orbitals 
One molecular orbital is a bonding orbital and the other is an anti bonding orbital. 
Bonding molecular orbitals are more stable than the initial atomic orbitals and the 
antibonding molecular orbitals are of higher energy than the initial atomic orbitals and 
therefore less stable. 
The orbitals produced are polycentric and filled starting with the orbital with the 
lowest energy. 
Three types of molecular orbitals have been distinguished, cr and 1t bonding, cr- and 
1t- anti bonding and n, non-bonding 
Orbitals which are completely symmetrical about the internuclear axis are designated 
cr and cr-. Molecular orbitals derived by mixing two parallel p orbitals are designated 
1t and 1t-. For certain compounds notably those of groups V, VI and VII, these are 
non-bonding electrons as they are not involved in bonding and they can be regarded 
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as being localised on their atomic nuclei. The relative energies of these orbitals are 
shown in Figure 1.4. 
0-* 
n-cr* 
n* 
Energy n-n* 
n 
n-n* 
n 
0--0-* 
0-
Figure 1.4: Relative energies of transitions between different orbitals 
Wavefunctions (o/x, y, z) are often used to represent the spatial properties, 
momentum and energy of states. The modulus of the square of the wavefunction can 
be used to define the electron probability density, the probability of finding electrons 
in given configurations is then equal to multiplying (o/x, y, zi by the volume 
concerned (dx, dy, dz). Wavefunctions describe the energy state and can be separated 
into electronic and vibrational components denoted by ~ or X respectively. 
1.5 Spin Multiplicity 
Each electron in a molecule has a spin quantum number (s) of 112, which can have 
two orientations depending on the electrons alignment with respect to a specified axis, 
corresponding to spin magnetic quantum numbers m, = + 112 or m, = - 112. The total 
spin angular momentum for a molecule is S, which is the vector sum of all the 
individual contributions from each electron. The spin multiplicity gives the number of 
states expected in the presence of an applied magnetic field and is given by the 
following equation: 
Spin multiplicity M = 2 S + I 1.5 
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Thus, molecules whose electrons have parallel spms possess S=I and a spm 
multiplicity of 3 are termed triplet states. If the electrons' spins are paired then S=O 
and the spin multiplicity is 1, so the resulting state is a singlet state. These two very 
distinct species commonly occur in photochemistry and have very different physical 
and chemical properties. 
The symbol used to represent a singlet ground state is So and excited singlet states are 
designated SI, S2, S3, the subscript denoting increasing energy. Accordingly, the 
lowest triplet state is To and the higher excited triplets are T I, T2 etc. Not may 
molecules have a triplet ground state, one of the few molecules that does is molecular 
oxygen, due to the lone pair of electrons in its outer shell. 
Pauli's exclusion principle states: if two electrons occupy the same orbital they must 
have paired spins ms = + 112 and - 112, therefore as most molecules in their ground 
states contain an even number of electrons the electrons will be spin paired and 
therefore the ground state will be a singlet. 
Another rule to consider is Hund's rule which states; 
I) Electrons will occupy different orbitals whenever energetically possible 
2) Two electrons occupying degenerate orbitals will have parallel spins in their 
lowest energy state 
Consequently the triplet state has a lower energy than the singlet state, due to the 
repulsive nature of the spin-spin interaction between electrons of the same spin. 
Promotion of an electron from the ground state can give rise to either an excited 
singlet (spin orientation preserved), or an excited triplet (spin orientation inverted), 
see Figure 1.5. 
Ground State Singlet 
(spin paired S=O) 
-+ 
+-
Excited State Singlet 
(spin preserved S=O) 
-+-
+-
Excited State Triplet 
(spin inverted S= I) 
Figure 1.5: Schematic of spin orientation in singlet and triplet excited states 
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1.6 Selection Rules for Transitions 
Selection rules may be used to establish whether a transition between two states is 
likely to occur. The transitions are usually referred to as either allowed or forbidden. 
Spin selection rule 
The radiative transition should take place with no change in the total electron 
spin, i.e. LlS = O. 
Orbital symmetry selection rule 
Relating to diatomic and linear molecules. Transitions involving a large 
change in the orbital angular momentum are forbidden. The electron should 
occupy the same region of space after light absorption, i.e. LlL = ± 1. 
Orbital overlap rule 
For a transition to be allowed there must be good spatial overlap between the 
orbitals of the state involved. Therefore 1t to 1t* is allowed whereas n to 1t* is 
forbidden. 
Since selection rules are derived from first order quantum mechanical 
approximations, they do not take into account interactions with other electrons and 
with the nuclei in the molecule. As a result some transitions are allowed even though 
there is an apparent change in spin during the transition. This is made possible due to 
the phenomenon of spin-orbit coupling, which occurs when an electron's spin is 
affected by the electron's orbital motion. As a consequence of spin-orbit coupling the 
singlet state can be said to have some triplet character, and accordingly the triplet 
state can be said to have some singlet character. The result is that the spin selection 
rule (LlS = 0) is not very rigid. This is especially true for molecules containing atoms 
of high atomic mass, or molecules containing or associated with oxygen. 
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1. 7 Electronic Transitions 
Electronic transitions, between states of molecules can be represented using potential 
energy diagrams / internuclear separation curves, Figure 1.6. These diagrams simplify 
the vibrational motions of a molecule upon excitation by considering the transition 
along a single "critical co-ordinate". The transitions between given vibrational levels 
in upper and lower states have a specific probability governed in part by the electronic 
transition probability and in part by the probability of finding a molecule with similar 
internuclear separations in both states[l]. According to the Boltzmann distribution, at 
room temperature the majority of molecules in the lower electronic energy state are 
located in the lowest vibrational energy level of that state, hence the most favoured 
transitions occur from v"= O. 
Energy 
Y'=3 -----¥~~ __ ~~ __ 7------
Y'=2 
V'=l 
----+"~*---- Y'=O 
Absorption Emission 
Y"=5 
Y"=4 
----¥----"...,.--\.o"---"l.,---,./---- Y" =3 
----¥'--"'~-r~'---- Y"=2 
Y"=l =:::::::~~== Y"=O 
Internuclear Distance (r) 
Figure 1.6: Diagram illustrating the Franck-Condon principle 
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The Franck-Condon principle states that 'since electronic transitions are much faster 
than nuclear motion, they can be depicted by a straight line' and electronic transitions 
occur most favourably where the nuclear structure of the initial and final states are 
most similar. The transition time of an electron is relatively short compared to the 
period of vibration of a molecule, during absorption and excitation the nuclei do not 
significantly alter their positions and thus electronic transitions between two potential 
energy curves can be represented as vertical lines. 
The excited state and ground state usually have different structural properties and 
hence a change in nuclear configuration occurs after the transition has occurred. 
The probability and therefore the distribution of the intensity of an electronic 
transition, is determined by the amplitude of the Franck-Condon factors of the initial 
and final electronic states, at a given internuclear separation. For a given vibrational 
level v, there will be v + I maxima and v nodes between the maxima for the 
vibrational wavefunction of the particular vibrational level. According to Figure 1.6, 
the most probable transition for absorption is, v"= 0 to v'=3, corresponding to the 
highest intensity, the same rationale is applied to the emission process. The 
probability of the transition is related to the degree of overlap between vibrational 
wavefunctions in the ground and excited states. Absorption and emission also occur to 
many vibrational energy levels of the final electronic energy level of the molecule for 
the processes in question, this coupled with rotational quanta (associated with each 
vibrational level) gives rise to the broad absorption bands observed for complex 
molecules. 
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1.8 Jablonski Diagram 
The lablonski diagram is frequently used to represent the electronic states and the 
fundamental processes that occur from such states, Figure 1.7. 
Excited states are defined in terms of the total spin angular momentum. Hence, as 
previously mentioned, singlet states are termed S, where So is the singlet ground state 
and SI, S2, S3 etc are the electronically excited singlet states, increasing in energy. 
Applying the same rationale to triplet states, To is the lowest triplet state and T" T2 
etc. are the electronically excited triplet states. Each state has vibrational levels 
associated with it. 
Absorption conventionally occurs from the singlet ground state to a singlet excited 
state, a higher level than SI may be initially populated, but from here rapid vibrational 
relaxation occurs to populate the lowest electronically excited state, SI. From here 
there are 3 main possibilities12]: 
I. Fluorescence, radiative emission between like states 
2. Internal Conversion (IC), radiation less decay between like states 
3. Intersystem Crossing (ISC), radiationless transition between unlike states 
If intersystem crossing occurs from the excited singlet state the triplet state will be 
populated. Deactivation of the triplet state then occurs from the lowest vibrational 
level of the T I triplet state. Since relaxation from the first excited triplet state involves 
a change in spin multiplicity, triplet states are long lived, microseconds to 
milliseconds, relative to singlet states which persist of the order of nanoseconds. From 
the triplet state there are two main possibilities: 
I. Phosphorescence, radiative emission between unlike states 
2. Intersystem Crossing 
Radiative processes involve the emission of electromagnetic radiation (photons) from 
a molecule to return to the ground state. 
Non-radiative processes involve a transition between states of either the same or 
different multiplicity, to return to the ground state without the emission of 
electromagnetic radiation. 
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Figure 1.7: Jablonski diagram depicting radiative and non-radiative transitions for singlet and triplet states 
1.9 Radiative Transitions 
1.9.1 Fluorescence 
This is a radiative transition which is spin allowed since it occurs between states of 
like multiplicity. There are two types of fluorescence, prompt and delayed. 
Prompt fluorescence occurs from the excited singlet state to the single ground state 
following absorption from So to S I. Fluorescence usually occurs from the lowest 
vibrational level in the singlet state. This is a relatively fast transition, since it is spin 
allowed, occurring on timescales of the order of 1010 to 106 S·I. The magnitude of 
such rate constants provides an explanation as to why fluorescence does not occur 
from higher excited states, since internal conversion competes with it effectively, with 
rate constants of the order of 1012 S·I. 
Kasha's rule states 'the emitting electronic energy level of a given spin multiplicity is 
the lowest excited energy level of that multiplicity'. However there are a few 
exceptions to this rule, fluorescence in both azulene[J,4] and thioketones[5] has been 
shown to occur from S2. 
Energy 
Fluorescence 
So 
Reaction co-ordinate 
Figure 1.8: Potential energy curves illustrating absorption and subsequent fluorescence 
from the singlet state 
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1.9.2 Delayed fluorescence 
This is the fluorescence decaying more slowly than prompt fluorescence from the 
emitting state of the same molecule, of which there are two major mechanismsl61 . 
i) Thermally activated delayed fluorescence: involves reverse intersystem 
crossing, known as E-type, since this occurs in eosin. This only occurs when 
the S 1-T I gap is small enough for thermal energies to populate S I from T I. 
ii) Triplet-triplet annihilation: involves formation of one molecular entity in its 
excited singlet state and another molecular entity in its electronic ground state, 
referred to as P-type, since this is observed for pyrene. 
1.9.2.1 Thermally Activated Delayed Fluorescence 
Occasionally the triplet may undergo intersystem crossing, given that the energy gap 
is small enough for a thermally activated transition to take place, back to a low energy 
singlet state which may then fluoresce (Figure 1.9). 
Ise 
S, @ .. 
( .. \ 
>-
T, 
Fluorescence 
so----~---------------------
Figure 1.9: Diagram to illustrate thermally activated delayed fluorescence 
This is known as thermally activated delayed fluorescence and has a far greater 
lifetime than prompt fluorescence and can be represented by the following equation. 
3 A > + heat ---l~~ lA> --~~ lA + hv 1.6 
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1.9.2.2 Triplet-Triplet Annihilation 
The process of triplet-triplet annihilation can be represented as; 
Triplet-triplet annihilation occurs when two excited triplets collide and redistribute 
their energies via an entity X, Scheme l.l, which results in the promotion of one to 
the singlet excited state SI, while the other decays non-radiatively to the singlet 
ground state, So, via intersystem crossing, 
Once back in the excited singlet state (SI), emiSSIOn occurs with the same rate 
constant as prompt fluorescence. 
The following scheme describes the pathway leading to TTA[7L 
So Absorption 
Intersystem crossing 
TI + TI • X Triplet-Triplet Annihilation 
X • SI 
+ So Back Intersystem Crossing 
SI 
kf 
So • + hv Delayed fluorescence 
Scheme 1.1: Mechanism of delayed fluorescence via triplet - triplet annihilation 
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1.9.3 Phosphorescence 
This is a radiative transition between states of differing spin multiplicity, but occurs 
due to the effect of spin orbit coupling. It is a transition from the lowest lying triplet 
state to the singlet ground state via the emission of a photon. Since it occurs from the 
triplet state it is a transition of lower eriergy (and lower intensity) than fluorescence. 
Its spin forbidden nature (LlS=O), results in the radiative lifetime (vide infra) of 
phosphorescence being long, this allows diffusional quenching of the triplet state by 
solvent molecules and other triplet state and ground state molecules to compete 
efficiently with phosphorescence. Consequently, phosphorescence measurements are 
often carried out at low temperatures with the samples of interest frozen in a rigid 
glass, this slows down the rate of diffusion of the quencher, so the phosphorescence 
can be more readily observed. 
Energy 
Phosphorescence 
So 
Figure 1.10: Potential energy curves for the process of phosphorescence 
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1.9.4 Radiative Lifetimes 
The radiative or natural lifetime of a species 
phosphorescence can be defined by equation 1.8: 
o 
'1:, , either fluorescence or 
1 
kr 1.8 
Where, k, is the radiative rate co-efficient, also referred to as the Einstein coefficient 
for spontaneous emission. Typical radiative lifetimes for both fluorescence and 
phosphorescence are shown in Table 1.1. 
Transition Typical radiative lifetimes 
'tr ° (SI = \n, n*)) 1O-9s 
'trO (SI = \n, n*)) 1O-6s 
'trO (TI = 3(n, n*)) 1 0-2S 
'tro(TI = \n, n*)) 10s 
Table 1.1: Typical radiative lifetimes of fluoresceuce and phosphorescence 
The lifetimes of the excited states vary according to the different orbital 
configurations. The singlet It, It* transition has the shortest lifetime since this process 
is spin allowed and does not involve a change in orbital configuration. Accordingly, 
the singlet n, It* transition is slower as this transition involves a change in orbital 
configuration. The triplet lifetimes are much longer because relaxation to the singlet 
ground state is spin forbidden, since this transition involves a change in spin. 
However, the n, 11* transition is faster than the It, It* transition in triplet states, despite 
the change in orbital configuration. This is because the change in orbital configuration 
assists in the process of spin flipping and hence the It, It° transition has the longest 
lifetime. 
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The measured fluorescence or phosphorescence lifetime will generally be shorter than 
the radiative lifetime due to additional contributions to the decay of the excited state, 
for example, via internal conversion or intersystem crossing, thus, the singlet and 
triplet lifetimes are given by equations 1.9 and 1.1 O. 
1 1.9 
1 
1.10 
The quantum yields of fluorescence and phosphorescence can be given by equations 
1.11 and 1.12, respectively; 
kr 
1.11 
<1>= p 1.12 
Where <DT is the triplet quantum yield. 
1.10 Non-Radiative Transitions 
1.10.1 Internal Conversion (IC) 
This is a radiationless transition which occurs between states of the same Spill 
multiplicity. The transition occurs from the lowest vibrational level of the higher state 
to an isoenergetic vibrational level of the lower state. Consequently, the molecule has 
an excess of energy above the lowest vibrational level, which is dissipated via 
collisions with solvent molecules, thus each solvent molecule gains energy and 
becomes excited, and the solvent warms up. The rate of internal conversion is 
dependent on the energy gap between the two states involved, the larger the energy 
gap the slower the transition due to decreasing Frank-Condon factors. 
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1.10.2 Intersystem Crossing (ISC) 
This is a radiationless transition between states of differing multiplicity. The transition 
is of low probability since it involves a spin inversion, but the transition is made 
possible by the effect of spin orbit coupling. The most important transitions being 
from SI to T n and from T I to So. The former transition occurs from the SI state to an 
isoenergetic level in the triplet state. The latter process is more efficient when the 
energy gap between T I and So is small, again as a result of Frank -Condon factors. 
1.11 Spin Orbit Coupling 
Transitions between states of differing multiplicity are strongly forbidden since the 
transition involves a spin inversion. However, the transitions are made possible due to 
the phenomenon of spin orbit coupling, consequently singlet states have some triplet 
character and triplet states have some singlet character. 
o 
'I'T = 'I'T+ Ax'I'sx 1.13 
o 
'I's = 'I's + Ay'I'TY 1.14 
Where 'Ps and 'PT are the wavefunctions describing singlet and triplet states 
respectively and the superscript 0 denotes pure states, Ax and Ay are the fractions much 
less than one. 
Electrons are spinning about their own axis and moving charges generate magnetic 
fields, therefore electrons have a magnetic moment (spin magnetic moment). The 
spinning electrons are in orbit around the nucleus, this generates a circulating current, 
resulting in a second magnetic moment (orbital magnetic moment), Figure 1.11. The 
magnetic interaction between the two is known as spin-orbit coupling, the energy of 
the coupling depends upon the relative orientations of the spin and orbital angular 
moments, and on the nuclear charge. The strength of the interaction increases with 
increasing atomic number and accounts for the heavy atom effect on spin forbidden 
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transitions, since these atoms with their large nuclear charge generate stronger spin-
orbit coupling and enable molecules to partially overcome the spin selection rule. 
The electron orbits the 
nucleus 
Electron 
Electron spins about its 
own axis 
Figure 1.11: IIIustratiou of the spin and orbital angular moments of an electronl'l. 
1.12 Heavy Atom Effect 
It is possible to increase the rate of intersystem crossing between states of differing 
multiplicity by employing 'heavy atoms'. When a molecule has heavy atoms present 
strong interactions occur between the spin angular momentum and the orbital angular 
momentum of the electron, i.e. spin-orbit coupling. This is the internal heavy atom 
effect. The external heavy atom effect occurs when a heavy atom is added to the 
molecule to form a weak transient complex. This means that the triplet state acquires 
some singlet character and conversely the singlet state acquires some triplet character. 
This condition favours a high probability of intersystem crossing from the lowest 
excited singlet state to the lowest excited triplet state in a molecule[SI. In light atoms 
there can be some interaction between spin angular momentum and orbital angular 
momenta of the electron, so that transitions between states can occur with a small 
probability, but not to the same extent as when heavier atoms are employed. Examples 
of heavy atoms which enhance spin forbidden non-radiative transitions, due to spin 
orbit coupling, include Br, I, Xe. 
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1.13 Intermolecular Processes 
1.13.1 Quenching 
Quenching is the process of deactivation of an excited molecular entity 
intermolecularly by an external influence (quencher), or intramolecularly by a 
substituent through a non-radiative process!6] When the external environment 
influence (quencher) interferes with the behaviour of the excited state after its 
formation the process is referred to as dynamic quenching, common mechanisms 
include energy and charge transfer. When the environmental influence inhibits the 
excited state formation the process is referred to as static quenching. 
A quencher is a molecular entity that deactivates/quenches an excited state of another 
molecular entity, or accelerates the decay of an electronically excited state to the 
ground state or lower electronically excited state, either by energy or electron transfer, 
chemical reaction or the heavy atom effect. If the state fluoresces for example, 
quenching will be observed as a diminution of the intensity. 
M* 
Quencher 
M 
1.13.3 Intermolecular Energy Transfer 
This is the transfer of energy from an electronically excited donor, In either the 
singlet or triplet state, to another molecule. 
D* + A -----. D + A* 1.15 
An excited donor molecule D* collapses to the ground state with the simultaneous 
transfer of its electronic energy to an acceptor molecule A, which is therefore 
promoted to an exited state(7). 
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The acceptor can itself be an excited state, for example in the process of triplet-triplet 
annihilation. 
'M+'M* 1.16 
In an energy transfer experiment the quenching of emission of D* and its replacement 
by emission of A will be observed. Although the photon is absorbed by D, A becomes 
excited. Processes arising from A * are said to be sensitised processes. When the donor 
and acceptor are identical the energy transfer is referred to as migration. 
Energy transfer mechanisms are usually classified according to the initial Spill 
multiplicity of D* and final spin multiplicity of A *, for example the following process 
is known as triplet-triplet energy transfer. 
1.17 
Electronic energy transfer and paramagnetic catalysed intersystem crossing ,s the 
mechanism by which oxygen quenches excited states(9). 
There are three major mechanisms by which one molecule may transfer energy to 
another molecule. 
A) Radiative (trivial) transfer 
This involves absorption of emission (fluorescence or phosphorescence), from 
D* by A, resulting in excitation of the energy acceptor. 
D* ~ D + hv 1.18 
hv + A ~ A* 1.19 
The probability of this depends on the overlap between the absorption 
spectrum of the acceptor and emission spectrum of the donor. The efficiency 
will be dependent on the degree of overlap of these spectra and on the strength 
of the transitions. 
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B) Non-radiative energy transfer 
This involves a specific interaction of 0* and A, of which there are two types. 
i) Long range coulombic energy transfer 
ii) Short range electron energy transfer 
i) Long range coulombic energy transfer 
This is due to long range dipole-dipole interactions, causing perturbations of 
the energy donor and acceptor. As 0* and A come closer together they feel 
each others' presence due to long range coulombic forces experienced by their 
respective charge clouds. The dipole of 0* i.e. the excited electron in the 
lowest unoccupied molecular orbital, will interact with the dipole of A i.e. the 
electron in the highest occupied molecular orbital. This interaction causes the 
electron in the HOMO of A to oscillate leading to the excitation of this 
electron to the LUMO of A, with a corresponding deactivation of the excited 
electron in the donor molecule, D. 
LUMO + 
• 
HOMO~ + 
0* A 0 A* 
Figure 1.12: Energy level diagram illustrating long range coulombic energy transfer 
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ii) Short range electron energy transfer 
This occurs when the donor and acceptor atoms are sufficiently close together 
to allow their respective electron clouds to overlap allowing an exchange of 
electrons to take place. The excited electron from the donor molecule D* 
transfers into the LUMO of the acceptor molecule A, simultaneously an 
electron from the HOMO of A is transferred to the corresponding orbital ofD. 
The efficiency of energy transfer is increased when the distance between the 
donor and acceptor electronic energy levels is small. 
LUMO 
HOMO-+- + 
D*UA D A* 
Figure 1.13: Energy level diagram illustrating short range electron exchange energy 
transfer 
1.14 Wigner's Spin Rules 
Since a specific intermediate is formed between energy donor and acceptor molecules, 
restrictions on electron spin changes are determined by the spin of the complex 
formed[91. Therefore if SA and SB are the spin quantum numbers of the reacting 
species then the complex formed by the two molecules will possess total spin SR 
given by series 1.20. 
1.20 
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Accordingly, if the products Se and So are the spin quantum numbers of the products, 
then the total spin Sp is given by series 1.21. 
Sp = Se + So, Se + So - I, .... I Se - So I 1.21 
This is known as Wigner's spin conservation rule. The rule states that for a collisional 
process, spin angular momentum must be conserved. 
Consequently for a collisional process to be spin allowed, series 1.20 and 1.21 must 
have at least one value in common, for example, 
1.22 
S I I o 
Here the common value is I and therefore the above reaction is 'allowed'. Similar 
calculations to the one above show the following to be spin allowed processes: 
Singlet - Singlet energy transfer: 1.23 
Triplet - Triplet energy transfer: 
1.24 
1.25 
Triplet - Singlet energy transfer: 
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1.15 Flash Photolysis 
The technique of flash photolysis was developed by Norrish and Porter in the 1950s, 
to identify reactive intermediates in photochemical systems. It is now one of the most 
powerful tools employed for studying qualitatively and quantitatively rapid reactions, 
excited states, intermediates, and isomerisation reactions[IOJ, to name but a few. 
Flash photolysis works on the principle that by using a very high intensity pulse of 
radiation of short duration, a high concentration of intermediate states can be 
generated for spectroscopic observation. At a short interval of time after the 
generating pulse the system is analysed by observing emission or absorption 
characteristics. Kinetic data about reaction intermediates, for example triplet states 
can be obtained by monitoring the evolution of absorbance spectra as a function of 
time. 
1.16 Lasers 
The term laser is an acronym for, Light Amplification by the Stimulated Emission of 
Radiation. The main properties of laser light which makes them suitable for 
photochemical studies are as follows; 
a) Coherence; Phases of light waves are correlated in both time and space. This is 
the property that most clearly separates laser light from conventional light 
sources and is a result of the stimulated emission processes. 
b) Directionality; laser light is highly directional, with low divergence, allowing 
the beam to be focused on a specific point. 
c) Monochromaticity; lasers are normally monochromatic, since all photons are 
emitted as a result of an induced transition between the same two atomic or 
molecular energy levels and hence have almost the same frequency. 
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Spontaneous Emission 
This is a random process and occurs without the involvement of additional photons, as 
a result, the product is incoherent light waves out of phase with each other in both 
time and space. 
Stimulated Emission 
A sample can emit energy spontaneously or as a result of a stimulus acting on the 
molecule. For stimulated emission to occur the energy of the light directed into the 
system must have a photon energy that exactly matches the gap between the excited 
state and the lower energy state. The light emitted will be ofthe same frequency as the 
supplied radiation. The stimulated emission will occur in the direction of the 
stimulating beam, this is then amplified in intensity. 
Energy Spontaneous Stimulated 
Absorbance 
Figure 1.14: Schematic representation of the three radiative processes that can occur 
in a 2 level system 
Population Inversion 
Stimulated emission is unlikely to happen naturally as there are few molecules in the 
excited state due to bias towards the ground state as described by the Boltzmann 
distribution law. 
Nu = e - (Eu- El) / kT 
NI 1.26 
This equation gives the ratio of the number of particles in the upper (u) and lower (I) 
energy levels, Nu / NI in states with energies Eu and El. k denotes the Boltzmann 
constant which has a value of 1.38 x 10-23 J KI. The BoItzmann constant is replaced 
by the ideal gas constant (R) if the energies are expressed as molar energies. 
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Therefore the chance of the photon encountering an excited molecule is low. To 
produce laser light it is necessary to achieve a population inversion. If sufficiently 
intense excitation, from a flash lamp or another laser, is applied to cause the 
population of the excited state to exceed that of the ground state, a population 
inversion is achieved. If the excited state now releases a photon, this photon can 
stimulate another photon to be released causing a cascade of stimulated emission. 
However, until a population inversion is achieved, absorption predominates over 
emission. 
The process of exciting is called pumping and the excitation source is called the 
pump. The medium in which the population inversion occurs is called the active 
medium which can be gas, liquid or solid and depends on the type of output required. 
Each substance has its own set of energy levels so the frequency of the light emitted 
depends on which levels are excited. 
1.16.1 Types of Excited State Level Systems 
Three level system: In a three level system the excitation source leads to a population 
of energy level 2, which then rapidly.converts to energy level 1. The transition from 
El to Eo occurs infrequently, and so level 1 achieves a much higher population than 
level 0, and a population inversion is achieved. 
E2 
Non-radiative 
transition 
El r Metastable 
state 
Lasing 
transition 
Eo Ground 
state 
Figure 1.15: Schematic representing energy levels in a 3 level system 
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1.17 The Optical Cavity 
By bounding the laser medium between two mirrors an optical resonant cavity IS 
formed. One of the mirrors is totally reflecting whilst the other is partially reflecting, 
to ensure some light may escape to provide optical power. The cavity provides a 
method of optical feedback such that the stimulated beam is made to pass back and 
forth across the cavity several times, causing more stimulated emission as it goes. In 
order to sustain laser action, gain in intensity from stimulated emission must be 
greater than the loss in intensity, from absorption and scattering. Therefore an 
adequate population inversion is required. 
Photons that do not travel along the optical cavity or photons that are not of the 
correct frequency are lost. Once the number of photons produced by stimulated 
emission exceeds the number produced randomly, the system gain exceeds the losses 
and laser action is sustained. 
As well as sustaining laser action the optical cavity must be resonant at the 
wavelength of radiation. In addition to an adequate population inversion an adequate 
pathlength is required through the lasing medium, this fixed pathlength means 
maximum amplification is only achieved for light waves that satisfy the standing 
wave condition: 
"A = 
2d 
n 
1.27 
Where d is the cavity length, and n is the number of half wavelengths contained with 
length d. 
The modes that satisfy this requirement are referred to as axial I longitudinal cavity 
modes, these modes propagate through the axis of the laser. Modes that propagate off 
axis are known as transverse modes. 
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An example of a 3 level laser is the Ruby laser, with the active medium being Cr203. 
The Cr3+ ions are excited to an upper state E2 by an intense flash of light. Rapid 
relaxation occurs to the El state, the atom remains in the El state for long periods, 
before dropping down to the ground state by spontaneous emission, hence the term 
metastable state. In a three level laser the method of obtaining a population inversion 
between the middle and the ground state is inefficient. This is because the middle state 
is effectively empty at the start of the pumping as a result of the Boltzmann 
distribution, at least half the population of the ground state molecules must be pumped 
into the middle level before a population inversion is achieved. 
Four level systems: Four level lasers eliminate the problem associated with a 3-level 
system, since in three level lasers half of all the particles must be excited into level I 
before inversion is achieved, which leads to inefficient energy transfer from the pump 
to the amplified beam. 
Eo 
Non-radiative 
transition 
E2 
Lasing 
transition 
, 
El 
Metastable 
state 
Ground 
state 
Figure 1.16: Schematic representing the energy levels in a 4 level laser 
In a four level laser atoms in the ground state Eo are pumped into the E3 level. They 
relax to the metastable state E2 non-radiatively. Since the lasing transition takes place 
between the E2 and El states, El behaves as the ground state and therefore a 
comparatively small population is required in E2 to sustain laser action. 
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1.17.1 Longitudinal/Axial Modes 
These modes propagate through the axis of the beam and consist of large number of 
frequencies given by; 
ne 1.28 y= 
2d 
Where n is the number of half wavelengths contained in cavity length d, and c is the 
speed of light. 
Energy builds up in these modes until the gain of the laser exceeds the losses in the 
cavity. Laser light is thus emitted as a highly pure directional beam along the optical 
axis of the cavity. 
1.17.2 Transverse Cavity Modes 
Although the laser cavity amplifies the light travelling down the optical axis of the 
laser, a photon travelling perpendicular to the axis (off-axis) may also cause 
stimulated emission. These modes affect the spatial profile of the beam and are a 
function of the cavity width. They are defined in terms of the Transverse Electro-
Magnetic wave distribution across the cavity, TEMpq, where p and q describe the 
number of intensity minima across the laser beam in perpendicular directions. The 
fundamental mode is the TEMoo mode, which corresponds to a Gaussian intensity 
profile. 
TEMoo 
-- ---
Figure 1.17: Transverse modes in a laser cavity 
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1.18 Frequency Conversion 
Due to the high peak power of pulsed lasers it is possible to change the wavelength of 
output by passing the beam through a non-centrosymmetric crystal. 
When light passes through a material its electromagnetic field can change the 
distribution and alignment of atoms. These changes are dependent on the energy of 
the incident light. If the molecules in a crystal have a dipole then the interaction with 
light may cause the dipole to oscillate[lIJ. The dipole oscillation leads to the emission 
of light. The oscillation dipole will emit light of the same wavelength as the incident 
radiation and light with half that wavelength. This process is known as frequency 
doubling and mixing. 
The wavelength output directly from the laser is known as the fundamental 
wavelength and frequency doubling gives rise to multiples of the fundamental 
wavelength, which are known as harmonics. 
For example, in the case of the Nd:Y AG laser the fundamental wavelength is 1064nm, 
the first crystal doubles the frequency of the laser light, resulting in light being 
emitted at the second harmonic at 532nm. Similarly a second crystal is used to 
produce 266nm radiation, or it may be combined with the fundamental wavelength to 
produce the third harmonic at 355nm. 
Crystals most commonly employed include potassium dihydrogen phosphate (KDP) 
and Beta Barium Borate (BBO). The alignment of the doubling crystal is critical to 
the efficiency of the frequency doubling. Dispersion of oscillation energy within the 
crystal can cause the second harmonic to be produced out of phase with the incident 
radiation. This causes destructive interference of the light, which can be minimised by 
correct alignment of the crystal. 
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1.19 Pulsing Techniques 
Pulsing devices are used to obtain high peak intensities and to produce pulses of short 
duration, in order to make measurements of processes that occur on the same 
timescale. 
1.19.1 Cavity Dumping 
Cavity dumping refers to a method of rapidly emptying the laser cavity of the energy 
stored within it. The simplest method of accomplishing this with a continuous wave 
laser would be to have both ends of the mirrors fully reflective, but with a third 
coupling mirror able to be switched into the beam to reflect the light out of the cavity. 
This configuration would deliver a single pulse of light, terminating laser action until 
the coupling mirror was again switched out of the beam. 
1.19.2 Q-switching 
Q-switching can be employed to increase the peak power of the laser and reduce pulse 
length. The quality factor ofthe laser cavity can also be expressed as: -
Q = 27tvo (energy stored in mode) 
Energy lost per second from mode 
1.29 
The quality (Q-factor) of the laser can be abruptly improved by allowing the 
population inversion to keep building up to well above its normal level. This is 
achieved by preventing laser action, allowing a population inversion to build up and 
then Q-switching to suddenly depopulate it. This results in a very rapid increase in 
photon density inside the cavity, leading to a rapid reduction in the population 
inversion due to stimulated emission producing a short intense pulse of radiation. This 
action is known as Q-switching because the system suddenly switches from high 
cavity loss (Iow Q) to low cavity loss (high Q), all the energy accumulated in the 
inversion is released as a short (a few nanoseconds) and giant pulse. Various methods 
for preventing laser action involve inserting a shutter in the laser cavity, which can be 
opened very rapidly. 
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1.19.2.1 Mechanical Q-switching 
This involves placing a rotating mirror at one end of the laser cavity Figure 1.18, as a 
result lasing only occurs when the mirror is almost perpendicular to the laser axis l121 . 
Active Medium 
i i i i i 
Rotating Mirror Mirror 
Figure 1.18: Schematic representation of a rotating mirror in the laser cavity 
1.19.2.2 Passive Q-switching 
Weak solutions of dyes that bleach at high light irradiances (saturable absorbers) have 
been used as Q-switches. The dye is chosen to absorb the wavelength of the radiation 
which develops inside the cavity. The dye solution is placed in a I mm cell in the laser 
cavity, placed against the 100% reflecting mirrorl121 . The method is passive because 
the switching time is not determined by external constraints. 
/ 
/ 
/ 
/ 
Mirror 
Active Medium 
i i t t t 
Saturable 
Absorber 
Mirror (100% reflecting) 
Figure 1.19: Schematic representation of a saturable absorber in the laser cavity 
Once pumping starts, the low transmission of the dye cell means stimulated emission 
from the laser medium is prevented from reaching one of the cavity mirrors, thus the 
medium can be pumped to give a high degree of population inversion before the 
photon population begins to build up in the cavity. Under these conditions the Q-
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factor of the optical cavity is low. With continued pumping the population inversion 
builds up, the release of spontaneous and then stimulated emission is sufficient to 
cause saturation or 'bleaching' of the dye solution. Once the dye solution is saturated, 
light reaches the cavity mirror, the optical cavity is restored and the Q-factor is rapidly 
switched from a high value to a low value. Stimulated emission released from the 
population inversion generates an intense, short burst of laser light. 
Oye solutions as Q-switches are simple and cheap, creating pulses of 10-20 
nanoseconds, however dye solutions can degrade on use and operate better with 
circulation of the dye (between pulses). Problems can occur when there is incomplete 
bleaching of the dye, greatly reducing the final laser output. 
1.19.2.3 Electro-Optical Q-switching 
Several non-mechanical switching techniques may be used for Q-switching, and the 
most useful one is based on the Pockels effectl13l . First described in 1906 by F. 
Pockels, the linear electro-optic effect occurs in uniaxial crystals lacking a centre of 
symmetry, which change their refractive index and thus rotate the plane oflight when 
an electrical filed is applied. The change is small, but is sufficient to alter the spatial 
phase condition of light. 
Pockels Cen 
+ 
/ 
Active Medium 
/ i i i i i Polariser Mirror Mirror 
Fignre 1.20: Schematic representation of the Pockels cell in the laser cavityl"! 
The Pockel cell sits between matched polarisers and acts as a switch, without the 
applied voltage across the cell the photons pass through it, when a voltage is applied 
the population inversion builds up and is rapidly depopulated when the voltage is 
removed. The most frequently used materials for longitudinal mode Pockels cells are 
KOP and more commonly, the deuterated form KO*P. 
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1.19.2.4 Acousto-Optic Q-Switching 
The acousto-optic effect can be utilised to give a Q-switch and is slower than those 
based on the Pockels effect. Acousto-optic Q-switches rely on the diffraction grating 
set up by an acoustic wave in certain materials. When an acoustic wave travels 
through a medium such as silica, it causes local changes in the material density which 
gives rise to changes in the refractive index. The electromagnetic wave inside the 
cavity is diffracted when the acoustic wave is present and some of the diffracted light 
misses the mirror. The deflection angle is small, but loss due to diffraction is enough 
to keep the laser below threshold. When pumping of the laser is complete, the 
acoustic wave is switched off, all the light reaches the mirror and a laser pulse builds 
up rapidly. Although it switches slowly, it has a high repetition rate i.e. it is ready to 
use again more quickly. The most commonly encountered acoustic Q-switch uses 
fused silica. The opening time is typically around 100 nanoseconds. 
1.19.3 Mode-locking 
The third most widely used method of producing laser pulses is mode-locking. This 
method produces pulses of much shorter duration than either cavity dumping or Q-
switching, typically measured on the pico-second (1 0·12S) timescale. The technique of 
mode-locking consists of creating the phase relationship, which results in completely 
constructive interference between all the modes at just one point, with destructive 
interference everywhere else[l3J. Consequently a pulse of light is obtained which 
travels back and forth between the end mirrors, giving a pulse of output each time it is 
incident upon the semi-transparent output mirror. As with Q-switching there are 
several methods to achieve mode locking, involving both active and passive methods. 
1.19.3.1 Active Mode-Locking 
Active methods usually involve modulating the gain of the laser cavity us 109 an 
electro-optic or acousto-optic switch. Mode locking is achieved by modulating the 
gain of the laser with a period equivalent to the round trip time of the laser cavity. 
Lasers used for short pulse generation have a large number of oscillating longitudinal 
modes. and locking together the phases of these modes results in laser output, which is 
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a series of discrete pulses separated in time by the round trip time. Phase locking is 
generally achieved in continuous wave Nd: Y AG and ion lasers by the technique of 
active mode-locking where the gain of the cavity is modulated by Bragg diffraction in 
a quartz prism. A radio frequency source is applied through a transducer to the prism, 
which sets up an acoustic standing wave, the loss proportional to the acoustic intensity 
is thus modulated at twice the radio frequency. The output from the laser is then a 
series of pulses, the separation of which is determined by the inverse modulation 
frequency rather than the cavity length. 
1.19.3.2 Passive Mode-Locking 
As with Q-switching, passive mode-locking is generally accomplished by placing a 
saturable absorber cell within the laser cavity (Figure 1.19). The saturable absorber 
selectively absorbs low intensity light and transmits light of sufficiently high 
intensity. Non-mode-Iocked lasers experience random intensity fluctuations and the 
saturable absorber transmits these intense spikes, this process repeats as the light in 
the cavity oscillates, high-intensity spikes are selectively amplified and low intensity 
light is absorbed. After many round-trips, a train of pulses is produced and mode 
locking of the laser is achieved. One of the most widely used saturable absorbers is 5, 
3-diethyloxadicarbocyanine iodide, usually known as DODCI, Figure 1.21. 
Figure 1.21: Structure of5, 3-diethyloxadicarbocyanine iodide 
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1.20 Xenon Arc Lamps 
Xenon arc lamps used as analysing sources in photochemistry are operated at 
pressures of approximately twenty atmospheres to give an output which is continuum. 
When operated at lower pressures the lamps produce an output composed of discrete 
wavelengths which correspond to the emissive transitions in the excited atoms. Such 
lamps are operated with DC power supplies, and are mounted vertically with the 
larger anode above the smaller cathode, with typical anode-cathode separations in the 
range 2 to 4mm. The output is a smooth continuum with some weak lines 
superimposed in the visible region and some stronger lines in the near infra-red 
region. Arc lamps with input powers ranging from 150 to 1000 watts are typically 
used as analysing sources in photochemical investigations. 
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Chapter 2 
Supercritical Fluids 
2.0 Supercritical fluids 
2.1 Introduction 
Supercritical fluids (SCFs) are phases created when substances are at conditions of 
temperature and pressure above their critical point. Every stable compound has a 
triple and critical point [lJ, Figure 2.1. Any gaseous compound becomes supercritical 
when compressed to a pressure higher than its critical pressure (P c), above its critical 
temperature (T,). 
Pressure Solid Liquid 
Gas 
Temperature 
Figure 2.1: Typical phase diagram 
2.1.1 Background 
Supercritical fluids were first discovered in the early nineteenth century, by Baron 
Charles Cagniard de la Tour!2J. However, it was the research of Denys Papin in 1680 
which prompted experiments leading to the discovery of the critical point!)J. The first 
systematic solubility studies on supercritical fluids were carried out by Hannay and 
Hogarth in 1879, they found that supercritical fluids had a pressure dependent 
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dissolving power!4l, however the solubility behaviour reported by Hannay and 
Hogarth was not exploited until years later. 
In 1907 Edward Buchner measured the solubility of a model compound naphthalene 
in supercritical fluid carbon dioxide!3l, Figure 2.2. 
Solubility 
(wt%) 
8 
6 . 
4 
2 
50 lOO 150 200 250 
Pressure (atm) 
Figure 2.2: The solubility of naphthalene in supercritica! fluid carbon dioxide 
As expected at low pressures the solubility is very low. As the pressure is increased to 
above the critical pressure of carbon dioxide (72.9 atm), solubility increases. 
The solubility behaviour shown here is the basis of almost all supercritical fluid 
extraction/separation processes: soluble components are extracted from a substrate by 
a supercritical fluid, and the extracted components that have been dissolved in the 
supercritical fluid are precipitated out when the pressure is reduced. 
It was in the eighties that many industrial applications of supercritical fluids were 
explored, for example; extraction of undesired by-products from pharmaceuticals, 
purification of medical polymers, and separation of complex synthetic mixtures. Non-
extractive' processes were also being developed, the formation of ultra fine particles 
foremost among them. 
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2.2 Applications of Supercritical Fluids 
The possibility of using supercritical fluids as tuneable solvents, not only for 
extraction but also for chemical reactions, is one of the many interesting features 
associated with their application in modem synthesis. 
2.2.1 Supercritical Extraction 
Supercritical fluids, primarily carbon dioxide, have been used as solvents in extraction 
processes perfonned under supercritical conditions, Figure 2.3. Carbon dioxide is 
preferred due to its critical temperature 3 1. 3°C, making near room temperature 
operations possible. It is non-toxic, non-flammable and approved by the 'Food and 
Drug Administration' for use in food and phannaceutical plants. Its properties have 
been intensively studied, and therefore continues to be the extraction solvent of 
choice. Caffeine removal is the most common example of the application of this 
technology. 
Analytical Supercritical 
Extractor Vessel 
SCF with Modifier 
Pump 
Collection 
Vessel 
Extractor 
Thimble 
Figure 2.3: Illustration to show the fluid extraction process 
Vent 
A sample is placed in the thimble and supercritical fluid pumped through the thimble. 
Adding a modifier to the solvent allows its physical properties to be altered to 
enhance collection efficiencies. Extraction of soluble compounds takes place as the 
supercritical fluid passes through a restricting nozzle into a collection trap. The fluid 
is vented in the collection trap, this allows solvent to either escape or be recompressed 
for future use and the product of the extraction is h,ft behind in the collection trap[5). 
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2.2.2 SCF Chromatography 
Supercritical fluid chromatography (SFC) is an exact analogue of gas chromatography 
or liquid chromatography, the supercritical fluid simply acts as a solvent. In industrial 
processes, capacity is the critical factor. Although the density of supercritical fluids is 
intermediate between those of gases and liquids, the viscosity is lower, hence it is 
possible to use higher velocity through the packing. 
2.2.3 SCF's as Reaction Media 
The most common industrial application is the synthesis of ammonia. High pressure 
studies of the reaction between hydrogen and nitrogen to form ammonia, started in 
190 I with Le Chateliers patent on the un-catalysed process at pressures up to 
100bar[6l. Fritz Haber later found heterogeneous catalysts such as osmium for this 
process, using pressures as high as 177bar[7l. Modern plants for ammonia production 
by the Haber process operate at 100-350bar and 400-530°C, well above both the 
critical temperature and pressure of the reaction mixture. 
Supercritical fluids are particularly attractive as reaction media due to; increased mass 
transfer, elimination of the need for multiphase reactions, ease of separation of 
products or unused reactants, slower deactivation of catalysts, dramatic pressure 
effects on rate constants and changes in selectivities[8l. 
2.3 Properties of Supercritical Fluids 
The properties of supercritical fluids are frequently described as being intermediate 
between those of a gas and a liquid. This nature of supercritical fluids arises from the 
fact the gaseous and liquid phases merge together and become indistinguishable at the 
critical point. Supercritical fluids have densities and diffusivities similar to liquids but 
viscosities comparable to gases. 
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Mobile Phase Density (kg/m3) Viscosity (poise) Diffusivity (cm2/sec) 
Liquid 800 - 1000 0.3 - 2.4 (x 10.2) 0.5 - 2.0 (xI0'5) 
SCF lOO - 900 0.2 - 1.0 (x 10.3) 0.1 - 3.3 (xlO·4) 
Gas -1.0 0.5 - 3.5 (x 10-4) O.oJ - 1.0 
Table 2.1: Comparison ofsupercriticall1uids to gases and liquids 
Properties of SCF's are tuneable simply by changing properties such as temperature 
and pressure, without changing the chemical nature of the solvent. In particular 
density and viscosity change drastically at conditions close to their critical point(9). 
Small changes in pressure are sufficient to cause variations in density, ranging from 
values similar to gases to values similar to liquids. This feature, combined with the 
fact that solvating properties of the fluid track its density make supercritical fluids 
highly attractive media for many extractions, separations, and reaction engineering 
applications. It also makes them useful in basic studies of solvent effects on chemical 
processes(3). However, not all properties of supercritical fluids are intermediate 
between those of gases and liquids, for example, properties such as compressibility 
and heat capacity are significantly higher near the critical point than they are in 
normal liquids or gases, or than in the bulk of the fluid. Although properties may 
change considerably with pressure in the vicinity of the critical point, the majority do 
not exhibit any discontinuity, changes start gradually rather than abruptly, when 
conditions approach the critical point. 
2.3.1 Local Density Augmentation 
An interesting and intriguing aspect of supercritical fluid solutions is their 
microscopic inhomogeneities. The most well known of these are the long-range 
density fluctuations that occur in a pure field, at conditions close to the critical 
point(4). However short-range inhomogeneities also exist around dissolved solutes in 
supercritical fluids and are frequently referred to as local density augmentation. 
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Solute-solvent attraction gives rise to a phenomenon known as "local density 
augmentation" - a greatly enhanced density of solvent molecules compared to the 
bulk fluid density near to and below the critical density (Figure 2.4). It is well known 
that density inhomogeneities exist, regions of higher density surrounded by regions of 
lower density[IO-16]. It is somewhat common to refer to the ill-defined region where 
such changes are notable as the near critical region, the area around the critical point 
where the compressibility is significantly greater than would be predicted by the ideal 
gas law. 
Solute 
molecule 
Solvent 
molecules 
Figure 2.4: Schematic illustration of enhanced densities observed in the 
near critical region 
The way in which the distribution of local densities found around an atom varies as 
the critical point is approached has been examined by Tucker et aP5l. They found that 
the mean local density enhancements arise as a necessary and direct consequence of 
the long-range density inhomogeneities present in such fluids, thereby establishing a 
relationship between the local and long length scale phenomena. Additionally they 
uncovered a second, 'potential-induced' mechanism which generates mean local 
density enhancement at low bulk densities. Competition between the two explains 
why the enhancements may not be maximised at the critical density. 
Shifts of electronic spectra with density have been used to provide a simple means of 
monitoring local densities in supercritical fluids. Marconelli et al[l6] found that the 
extent of density augmentation depends markedly on temperature, being most 
pronounced in the region of high fluid compressibility. They reported augmentation 
was relatively insensitive to solute-solvent interactions. They concluded that although 
there is a correlation between the strength of solvent-solute interactions and the extent 
of augmentation, unidentified characteristics contributed to the observed behaviour. 
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2.4 Factors Affecting Solubility in Supercritical Fluids 
The solubility of compounds in supercritical fluids has possibly been the most 
extensively investigated area of SCF research[3·17-20]. The efficacy of a supercritical 
fluid as a solvent for a particular solute can be elucidated from solubility data. Binary 
solubility data are useful in determining the selectivity of a supercritical fluid for a 
particular solute, since the solubility of an individual solute in an SCF may not be the 
same as the solubility in a multi-component system. 
The solubility of a component is predominantly influenced by the following factors; 
nature of the SCF solvent, chemical functionality, the operating conditions. 
2.4.1 Supercritical Fluid Solvent 
It is common to express the solubility of a material in a supercritical fluid in terms of 
the mole fraction of the solute and the ability of supercritical fluids to dissolve 
substances arises from the highly non-ideal behaviour of pure SCFs. Under 
supercritical conditions solubility is enhanced by several orders of magnitude above 
that predicted by the ideal gas law!3]. The solubility enhancement of a component 
particularly in the vicinity of the critical point is determined mainly by the 
augmentation in density of the SCF. 
The solubility of a given solute also depends on the type of supercritical fluid as 
shown in Table 2.2. Under the conditions shown, fluoroform has the highest mass 
density however it displays the lowest affinity for naphthaleneP]. This variation in 
solubility of naphthalene in different supercritical fluids indicates that there are 
varying degrees of intermolecular interaction between the solid and SCF, which can 
be explained in terms of solvent polarity. The overall effect of solvent polarity on the 
solubility of naphthalene for example, follows the same solubility rule as in liquids, 
of, "like dissolve like". Naphthalene is a non-polar solid and hence is most soluble in 
non-polar supercritical ethane. Carbon dioxide is fairly non-polar, but behaves less as 
a non-polar solvent than ethane, due to its quadrupole moment!21] and fluoroform is 
the most polar solvent due to the fluorine atoms which are electron withdrawing. 
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Hence, it is preferable to employ non-polar solvents for aromatic hydrocarbons, 
however, for polar solids the effect of solvent polarity is not as simple[3]. 
Solvent (SCF) 
Solubility 
Density (glmL) 
(mole fraction) 
Ethane 4.70 x 10.2 0.39 
Carbon dioxide 2.42 x 10.2 0.81 
Fluoroform 1.17 x 10.2 0.92 
Table 2.2: Variation of solubility with solventl'l 
Generally non-polar SCFs exhibit lower affinities for polar solutes, but the maximum 
solubility of a polar solute does not necessarily occur in the most polar SCF, for 
example, carbon dioxide is a better solvent for benzoic acid than fluoroform[22]. Polar 
SCFs may exhibit greater potential for polar molecules when they contain functional 
groups, thereby increasing the level of intermolecular interaction with the solvent. For 
example, fluoroform can be considered a good a solvent for amino containing 
compounds, as a result of hydrogen bonding between the amino group and the acidic 
proton in fluoroform. 
The addition of co-solvents can have large effects on solubilities in SCFs. Addition of 
a co-solvent usually increases the density of a supercritical fluid and since solubility 
increases exponentially with density this can have a significant effect on solubilities. 
It is common to add small amounts of co-solvents to supercritical fluids, to increase 
the solubilities of heavy organic solutes. In such cases the co-solvents are chosen to 
have size and interaction energies (Lennard-Jones parameters) intermediate between 
those of the SCF and the solute[23J. Consequently, the solute would be preferentially 
solvated by the co-solvent. At high densities the local composition is similar to that of 
the bulk but at lower pressures, the density is lower and hence there is more free 
volume, the local volume can be more than ten times that of the bulk value. The local 
density around a dissolved solute in compressed gases and SCFs is expected to be 
greater than in the bulk. In the presence of an attractive co-solvent, the local 
environment around the solute will be enriched with the co-solvent, with this 
phenomenon being much more pronounced at lower pressures. 
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2.4.2 Chemical Functionality of the Solute 
In a given SCF the difference between solid solubilities depends mainly on two 
factors, the solid vapour pressure and intermolecular interactions between the solvent 
and solute[3). Solubilities of individual solids can vary significantly but differences 
between enhancement factors are less significant, which indicates that the solid 
vapour pressure exerts the greatest influence on solubility. The types of functional 
groups present in their chemical structures affect the degree of intermolecular 
interactions between the solvent and solute, for example it is possible to increase the 
solubility of organic compounds in supercritical carbon dioxide by fluorinating the 
compound. Differences in solubilities of solids can be explained in terms of structural 
features, which limit or enhance solubility. The addition of a functional group to the 
parent compound generally reduces solubility. In particular this applies to hydroxyl 
(-OH) and carboxy (-COOH) functional groups as described by Stahl et al[24). The 
carboxyl functional group was found to have a greater dampening effect on solubility 
than the hydroxyl group. 
The solubility of a number of organic compounds in dense carbon dioxide has been 
examined by Dandge et al[2S). They report that among structural features which 
greatly influence the solubilities in carbon dioxide, such as chain length and 
branching, the extent and particular structural features which affect the solubility are 
specific to certain types of compounds, for example; 
a) Alcohols: Chain length, branching, and nature (primary secondary or tertiary). 
b) Hydrocarbons: Type and substituents on the rings. 
c) Ethers: Chain length, aromaticity and nitrogen containing functional groups. 
d) Amides and aromatic amines: Extent of N-alkyl substitution and type of alkyl 
group. 
e) Amines: Nature (primary, secondary and tertiary) and basicity. 
t) Nitro-compounds: Type and position of substituents, number of nitro groups 
and aromatic nuclei. 
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2.4.3 Temperature and Pressure Effects 
Increasing pressure generally leads to an increase in solubility since the density of the 
SCF increases. It is necessary to consider both the density of the supercritical fluid 
and the vapour pressure of the solute when evaluating the effect of temperature. 
Although an increase in temperature causes a decrease in SCF density it also leads to 
an increase in solute vapour pressure, as a result solubility usually increases with 
temperature, however retrograde vaporisation has been known to occur near the 
critical point of the SCF. Retrograde vaporisation is where a decrease in solute 
solubility is observed with isobaric increases in temperature, this trend and crossover 
phenomena have been studied by several groups[26,27] 
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Figure 2.5: Solubility of naphthalene in supercritical carbon dioxide1101 
Solubility isotherms usually intersect within a narrow range of pressure, Figure 2.5. 
For any two isotherms, the point of intersection, or crossover pressure, represents a 
change in the temperature dependence of solubility[3]. 
49 
Suoqi et al!2S] studied the solubilities of naphthalene, biphenyl and phenanthrene in 
supercritical carbon dioxide. Solubilities were reported to decrease with increasing 
temperature, between 308 and 328K, which was found to be in good agreement with 
previous studies!29]. In contrast to their findings Miller and Hawthome reported a 
continuous increase in the solubility of some organic molecules in supercritical 
carbon dioxide, with increasing temperature at constant pressure[30]. They found that 
increasing pressure resulted in an increase in solubility, particularly of anthracene. 
They found that while increasing density at a constant temperature generally increases 
solubility, increasing density at constant pressure, by lowering the temperature was 
found to lower solubility. 
Phase behaviour is important since bringing reagents into the same phase allows them 
to react more effectively. Secondly phase behaviour can be important in separation of 
a product in a reaction, terminating the reaction at an intermediate stage or pushing a 
reversible reaction to completion. It is also important to determine the critical 
temperature, Tc, of the multi-component reaction mixture in order to know whether 
the system is a liquid, below Tc or an SCF, above, Tc. Although the difference in 
behaviour in passing below the critical temperature is not dramatic, as the temperature 
moves below Tc the medium becomes less compressible and loses the characteristic of 
a supercritical fluid[4]. 
2.5 Activation Volume 
Chemical reactions in solution are generally accompanied by changes in activation 
volume, known a their reaction volumes!31]. The activation volume is interpreted 
according to the transition state theory, as the difference between the partial molar 
volumes of the transition state and the sums of the partial volumes of the reactants at 
the same temperature and pressure[I I]. 
Changes in viscosity have been known to affect the activation volume, prominent 
among them are those that are diffusion limited[32]. Activation volumes have been 
studied in the liquid state for sometime but relatively little is known about activation 
volumes in supercritical fluids. 
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Consider the following diagram; 
00 
e 
Transition state volume = 8.0 
Volume = 12.0 
Activation Volume = - 4.0 
Volume = 6.0 
Activation Volume = + 2.0 
Figure 2.6: Diagram to illustrate the theory of activation volume 
In order to react, the molecules must get within a certain proximity of each other, 
known as the transition state volume, Figure 2.6. To reach this volume work either has 
to be done by the solvent to push the molecules together, or by the molecules to move 
further apart, thus doing work on the environment. 
Partial molar volumes in liquids are only a few cm3mor', they can be very large and 
negative in SCFs, as a result the pressure effect on the reaction rate constant can be 
very significant. Eckert et aP3] investigated partial molal volumes of solutes in 
supercritical fluids. Partial molal volumes were reported to be small and positive at 
high pressures, but large and negative at low pressures in the highly compressible 
near-critical region. This was true for all the solutes studied in both supercritical 
carbon dioxide and supercritical ethylene. 
2.6 Effects of Supercritical Fluids on Reactions 
Supercritical fluids can act in a variety of ways to influence reaction rates[8J. 
Bulk transport effects, like increased diffusion and properties such as increased local 
densities and local compositions, can have a strong influence on diffusion coefficients 
on reactions in supercritical fluids. Studies of well characterised reactions in 
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supercritical fluids with low critical points, such as ethane and carbon dioxide, can 
elucidate much information about the solvent effects on reaction rates and the 
interactions among species in supercritical solution. 
Reactions in SCFs differ from reactions in conventional liquid solvents due to; 
i) Increased diffusion rates 
ii) Thermodynamic pressure effect on the rate constant 
i) Increased solubilities 
ii) Effects of local densities and local compositions 
i) Increased Diffusion Rates 
One ofthe advantages of supercritical solvents compared to ordinary liquid solvents is 
that increased rates of diffusion are observed in the supercritical region, hence mass 
transfer rates should be more favourable. Diffusivities are greater in SCFs than they 
are in liquids partly because they typically have lighter and smaller molecules than 
organic liquid solvents, and partly because the density of an SCF is typically less than 
a liquid. However, in the region of the critical point, diffusion coefficients can show 
an anomalous lowering, which can affect reaction rates. 
It is possible to model the rate constant for a diffusion controlled reaction using the 
Stokes Einstein based Debye equation, which states that bimolecular reaction rate 
constants are governed by SRT/3 11, where 11 is the viscosity of the fluid. This equation 
predicts that a reaction in supercritical fluid carbon dioxide for example should 
increase by a factor of approx 2.5 over a small pressure range at 30SK[8J. The effect is 
even more dramatic along isotherms closer to the critical temperature. 
ii) Thermodynamic Pressure Effect on the Rate Constant 
The effect of pressure on reactions in the supercritical region has been attributed to 
the thermodynamic pressure effect on the reaction rate constant. In terms of the 
transition state theory!34J, this theory assumes a reaction model in which there is a 
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thermodynamic equilibrium between the reactants and a transition state. For a simple 
bimolecular reaction this would be: 
A + B ... {transition state} products 2.1 
The thermodynamic pressure effect on reactions can be significant, dependent on the 
nature of the transition state and the reaction, since values of partial molar volumes of 
dilute solutes in SCFs can be very large, usually negative values, (see Section 2.5). 
The thermodynamic pressure effect on reaction rate constants can be much larger in 
supercritical fluids than observed in liquids due to the long-range density fluctuations, 
which result in a large isothermal compressibility of the solvent and large partial 
molar volumes of dilute solutes. lohnston and Haynes[35] measured activation 
volumes as large as -6000 cm3mor l , resulting in unimolecular rate constants that 
changed by over an order of magnitude with a I 0-15bar increase in pressure. 
In supercritical fluids the pressure effect on the reaction rate constant reflects the 
relative strengths of the intermolecular interactions, between the reactant and the 
transition state with the SCF solvent[8]. However, in liquid solvents partial molar 
volumes are only of the order 5-10 cm3mor l and the pressure effect on rate constants 
is used to discern information on the size change that occurs in going from the 
reactants to the transition state. 
Effect on Selectivities 
The thermodynamic pressure effect on individual rate constants can vary in a system 
where parallel or competing reactions can take place, since the activation volumes are 
not equal for all the reactions[8]. Consequently, conditions of increased pressure may 
favour one reaction over the others. Therefore, it is be possible to control or enhance 
selectivities for the desired product by operating at the right temperature and pressure. 
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Hi) Increased Solubilities 
By operating in a single phase supercritical fluid it is possible to facilitate reactions 
that would not normally take place in a multi-phase system, for example the formation 
of organo-metallic species in supercritical fluids[8]. Because the solubility of nitrogen 
and hydrogen are so high in many SCFs, Poliakoff and co-workers[36] were able to 
synthesise a range of previously unknown dinitrogen and dihydrogen organo-metallic 
specIes 
iv) Local Densities and Local Compositions 
The SCF environment may affect the rates of reactions through increased local 
density of the solvent around the solute. These solvation shells have been known to 
lead to slower diffusion. Most of the molecules exist in clusters of relatively high 
density with a small fraction residing in the lower density regions between these 
clusters. This effect is more pronounced in the compressible region in the vicinity of 
the critical point. A quantitative understanding of this phenomenon is clearly a 
prerequisite to understanding solvent effects in SCFs. 
There have been a number of spectroscopic and theoretical studies which provide 
evidence of how the local density of SCF solvent around a dilute solute molecule can 
be significantly greater than the bulk density[II-16,37;J8]. One of these is the molecular 
dynamics studies of Petsche and Debendetti[39], which clearly demonstrates that in an 
attractive mixture the environment around a solute molecule is continuously enriched 
with solvent, relative to bulk conditions. 
On measurement of fluorescence at different pressures Roberts et al[ll] discovered 
spectral shifts in the triplet-triplet absorption bands of anthracene in supercritical 
carbon dioxide compared to those of normal liquids, attributed to local density 
enhancements. Kim and Johnston[42] showed that in the vicinity of the critical point, 
the local concentration of a co-solvent around a solute molecule could be as high as 
seven times that of the bulk. In this study they observed a shift of a solvatochromic 
dye in mixtures of carbon dioxide and co-solvents as a function of pressure, at high 
54 
pressures the local compositions approached those of the bulk. However at low 
pressures, near the critical point of the solvent, the local compositions increased 
dramatically. 
Brennecke and co-workersl131 studied the effects of the local environment around 
dissolved solutes on the rates of electron and energy transfer in SCF CO2 and ethane. 
They found the energy transfer rates, from anthracene to CB~, occurred at the 
diffusion controlled rate and is neither enhanced nor retarded by increased local 
densities or local compositions that exist around the two reactants. However, the 
electron transfer rates were reported to occur well below the diffusion controlled 
limit, they postulated an activation barrier must be present, which is more apparent in 
SCFs where diffusion is much faster than in norrnalliquids. 
Solvent cages are known to exist around solutes and reactant pairs in all liquid and 
fluid solventsl231 . The observation of a cage effect on a chemical process will depend 
on the timescale of the chemical process, relative to the integrity of the solvent cage. 
Hence, the reaction must take place within the time the cage has integrity which has. 
been reported to be of the order of picosecondsl391. Therefore reactions that occur on 
longer time scales may not be affected by these interactions. 
O'Shea et aZl411 studied the Norrish type I photo-fragmentation of two dibenzylic 
ketones in supercritical ethane and carbon dioxide. Their results indicate solvent cage 
effects are not operative in these low viscosity SCF's, even in the near critical region, 
where solute-solvent clustering is envisaged to be maximal. The clusters were 
reported not to pose a barrier large enough to prevent diffusive escape of the paired 
radicals; they suggest that this may be due to kinetic energy released during the two 
bond cleavages disrupting the cluster, preventing observable cage effects. 
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2.7 Supercritical Carbon Dioxide 
Carbon dioxide is a particularly attractive supercritical fluid, since it has readily 
accessible critical parameters, it has a critical pressure of 7.4 MPa and a critical 
temperature of31.3°C. Some advantages of supercritical carbon dioxide include [lJ: 
• Rapid diffusion due to low viscosity 
• High solubility, for non-polar organic compounds 
• Fast and complete solvent recovery 
• Largely inert in many reactions 
• Highly abundant 
• Inexpensive 
• Non-flammable, Non-toxic and environmentally benign 
• Adjustable solvating power 
In order to become supercritical, carbon dioxide must be compressed above its critical 
pressure, and heated above its critical temperature Figure 2.7. 
Picture A Picture B Picture C 
Figure 2.7: Formation ofsupercriticaJ carbon dioxide!'>] 
Picture A: The cell contains liquid carbon dioxide, as the temperature is increased and 
carbon dioxide heated, it starts to boil. 
Picture B: Once the pressure reaches above 7.4 MPa and the temperature reaches 
approximately 31.3°C, carbon dioxide becomes supercritical and the distinction 
between liquid and gas disappears. 
Picture C: The temperature is reduced and SCF cooled, liquid and gas separate again. 
The viscosity of supercritical carbon dioxide is very low near the critical density and 
increases steeply with increasing pressure[431, therefore supercritical carbon dioxide is 
a suitable solvent for the study of the contribution of diffusion to energy transfer by 
the collisional or exchange mechanism. 
Although the solvating power of supercritical carbon dioxide is similar to that of 
hexane, it can easily be modified by the addition of modifiers / co-solvents such as 
methanol or acetonitrile. Addition of co-solvents have been studied for a variety 
supercritical fluid solvents. Examination of co-solvent effects have shown evidence of 
hydrogen bonding, charge-transfer complex formation and dipole-dipole coupling 
between solute and co-solvent molecule[44]. The addition of a co-solvent can have 
particularly dramatic effects on SCF phase behaviour, especially if specific 
interactions between the co-solvent and one or more of the solutes exist. For example 
the addition of 2% tri-n-butylphosphate to supercritical carbon dioxide increases the 
solubility of hydro quinone by more than two orders of magnitude, relative to the pure 
fluid[45]. WOITall and Wilkinson[46] studied the effects of the addition of varying 
concentrations of modifier on diffusion, probed by triplet-triplet energy transfer in 
supercritical carbon dioxide. They reported the triplet-triplet absorption band of 
anthracene shifted from 420nm in acetonitrile to 413nm in acetonitrile modified 
supercritical carbon dioxide and found triplet-triplet energy transfer to proceed at a 
greater fraction of the diffusion controlled limit, than in pure modifier solution. 
Many solvents used in industry cause environmental problems, mostly due to toxicity, 
for example chloroform and benzene. Carbon dioxide is environmentally benign and 
is cleaner than traditional solvents as it can easily be released after the chemical 
reaction has taken place, leaving a clean dry product and no contaminated solvent. 
Eckert et ap471 investigated an ab-initio phase transfer catalysed reaction, they 
reported specifically on the kinetics of the nucleophillic displacement of benzyl 
chloride with a bromide ion in supercritical carbon dioxide in the presence of acetone 
co-solvent. They reported phase transfer catalysis was operating between the 
supercritical fluid solvent and benzyl chloride successfully, in an environment free of 
traditional organic solvents, allowing scope for environmentally benign processes in 
heterogeneous systems. 
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Aside from carbon dioxide there are several other compounds that are commonly 
considered for use as supercritical solvents, the most common of which are given in 
Table 2.3. 
Critical Critical Critical 
Compound 
Temperature (DC) Pressure (MPa) Density (kgm -3) 
CO2 31.3 7.4 467.6 
C2H4 9.2 5.1 214.2 
C2H6 32.2 4.9 207 
CsHI2 196.6 3.4 232 
NH3 132.3 II.3 225 
CCIF2 96.1 5.0 523.8 
CHF3 25.9 4.8 525 
H2O 373.9 22.1 322 
Xe 289.7 5.9 1100 
Table 2.3: Common compouuds employed as supercritical fluids 
These supercritical fluids are used in processes described in Section 2.2. Carbon 
dioxide is the most widely used mobile phase for supercritical fluid chromatography, 
since it is an excellent solvent for a variety of organic molecules. However, a number 
of other substances have served as mobile phases including ethane, pentane, nitrous 
oxide, dichlorofluormethane, diethylether, ammonia and tetrahydrofuran. 
Supercritical water is commonly used in the recycling of plastic waste, recovery of 
toluenediamine and hydrolysis of PET (polyethylene terephthalate). Supercritical 
ammonia is frequently employed in the synthesis of nano-structured materials such as 
nitrides, metals and oxides. 
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Chapter 3 
Singlet Molecular Oxygen 
3.0 Singlet Molecular Oxygen 
3.1 Introduction 
Oxygen is unlike any other homonuclear diatomic molecule, since the ground state 
has two unpaired 'p' electrons, i.e. it is paramagnetic. The two electrons appear in 
degenerate 17tg * orbitals (Figure 3.1), and since the electrons are of the same spin the 
ground state has triplet multiplicity. It has zero angular momentum about the 
internuclear axis and has the group theoretical symbol 3~g-. It exists as a triplet in its 
ground state and quenching of excited states by molecular oxygen produces the 
excited singlet states of oxygen, I~g+ and lL'lg, which lie 158kJmor l and 94kJmor l , 
respectively, above the 3~g- ground state. 
There are two possible arrangements of the electrons in the 17tg *; 
i) The electrons are spm paired in the same orbital leading to a doubly 
degenerate state, I L'lg. 
ii) The electrons are spin paired in different orbitals leading to a singly 
I + degenerate state, ~g . 
Although the I~g+ is formed initially, electronic to vibrational energy transfer rapidly 
occurs to deactivate this state to the metastable and highly reactive I L'lg state, which is 
the active species in many important photo-processes and which is more commonly 
known as singlet oxygen. The lifetime of the I L'lg state is long lived and therefore 
reactivity of singlet oxygen is observed almost exclusively from this state. Transitions 
are rarely seen by direct excitation, due to the forbidden nature of intersystem 
crossing associated with absorption, but are seen by energy transfer from both triplet 
and singlet excited states of other molecules. With the exception of the first two 
degenerate anti bonding ltx and lty orbitals, all molecular orbitals are doubly occupied. 
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Molecular Orbitals 
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Figure 3,1: Euergy pattern for homonuclear diatomic molecular oxygen 
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3.1.1 Background 
It was in 1928 that Mulliken predicted that this special configuration should give rise 
to three energetically close lying electronic states, the 3I triplet ground state and the 
two excited I and /',. singlet states[l]. Chi Ides and Mecke demonstrated a little later by 
measuring the intensity of the weak absorption band of gaseous oxygen at 762nm, that 
this band originates from the spin forbidden transition to the lIg+ singlet state[21. This 
result allowed Mulliken to further specify the electronic states as 3Ig" ground state, 
and lIg+ and l/',.g excited singlet states[31. Finally, Ellin and Kneser discovered the 
optical transition l/',.g'- lIg+ in absorption experiments with liquid oxygen at 
126Inm[41, identifYing l/',.g as the metastable oxygen species, now commonly called 
singlet oxygen. 
The role of singlet molecular oxygen l/',.g, in photosensitized oxidation, was initially 
recognised in 1939 by Kautsky[SI. Kautsky proposed that it was not indeed ground 
state molecular oxygen 3Ig", as originally believed, but instead an excited state form 
of oxygen, which was responsible for photo-oxidation reactions. However, Kautsky 
had no empirical evidence and it wasn't until 1963 that Kahn and Kasha[61 confirmed 
the existence of singlet oxygen whilst studying the reaction between hyperchlorite and 
hydrogen peroxide. Following the work of Orgyzlo et aPI, Kahn and Kasha[81 gave a 
full spectroscopic correlation of the absorption and emission spectra in terms of the 
simultaneous transitions between the states shown in Figure 3.2. 
Photo-oxidation can arise as a result of several different mechanisms. Two major 
classes of photosensitised oxidations have been designated as Type I and Type 11[9. 101. 
In Type I processes the sensitiser interacts with the substrate directly, resulting in 
either H-atom or electron transfer. In the presence of oxygen the radical produced 
from the sensitiser reacts to regenerate the sensitisers, whereas radicals produced from 
the substrate initiate free radical chain reactions, as observed for example in auto-
oxidations. In Type 11 reactions the excited sensitiser interacts directly with oxygen, 
and can generate singlet oxygen upon energy transfer. Singlet oxygen then reacts with 
various substrates yielding Type 11 photosensitised reactions[IOI. 
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The long lifetime of the I ~g state at one atmospheric pressure is such that, two excited 
states collide often enough for the simultaneous transition I ~g, I ~g ----1.~3Lg, 3Lg + 
hv to be seen[II]. 
Energy 
(kJmor l ) 
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~ 
381nm 
(I ~ g) (I ~ g) 
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Figure 3.2: Singlet state transitions and simultaneous pair-state transitions in 
molecular oxygen llll 
Although in 1939 it was Kautsky who proposed singlet oxygen was a possible 
intermediate in dye-sensitised photo-oxygenations[5], it was Foote and Wexler[l2] and 
Corey and Taylor[13] who firmly established this in 1964. Adams and Wilkinson[14] 
later developed a method of measuring singlet oxygen lifetimes in solution, which 
made direct time resolved measurements of the reaction of singlet oxygen with a 
reactive substrate diphenylisobenzofuran, following nanosecond laser photolysis, 
enabling rate constants to be obtained for reactions of singlet oxygen. 
In 1976 using a mechanical phosphoroscope, Krasnovsky[15] detected the weak 
luminescence from singlet oxygen (I~g) at 1270nm, subsequently obtaining kinetic 
information concerning the reactions of singlet oxygen on millisecond timescales. 
However, the development of sensitive germanium photo-diodes in the eighties meant 
that direct kinetic and relative yield studies, of the phosphorescence of singlet oxygen, 
are now routinely possible on time scales down to one microsecond[II]. 
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3.2 The Quantum Mechanical Description of Singlet Oxygen 
The potential energy diagram for the lowest electronic states of molecular oxygen is 
shown in Figure 3.3, the absorption of 3Lg--..3L.- is known to spectroscopists as the 
Shumann-Runge band system with an origin at - 203nm, thereby giving the UV limit 
to atmospheric transmission[ 161. 
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Figure 3.3: Potential energy diagram for molecular oxygen 
It is the six electrons found in 1t orbitals that are of interest. Four of these electrons fill 
the degenerate bonding 1t, and 1ty orbitals and two electrons half fill the degenerate 
anti bonding 1t', and 1t' Y orbitals. 
It is the arrangement of the two electrons in the antibonding 1t orbitals that determine 
which of the three low lying states shown in Figure 3.3 is produced. 
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The electrons in the ground state occupy different orbitals to yield a lLg - state[17]. 
t 
n* x 
t 
n* y 
The two electrons in the 1Lg + state are paired and also occupy different orbitals; 
n* y 
Inspection of the orbital wave function indicates that both electrons are spin paired in 
the same orbital for the 1.o.g state, this component is responsible for the interesting 
reactivity of singlet oxygen, represented by; 
1~ + g n* y 
The other component of the 1.o.g state can be represented by; 
l~ -
g 
The electron occupancy of the ground state and lower excited singlet states are 
depicted in Figure 3.4. 
a) 3Lg- triplet ground state b)1Lt singlet excited 
c) 1.o.g singlet excited 
Figure 3.4: Occupation of molecular orbitals in ground state and the two lowest excited 
states of oxygen 
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3.3 The Lifetime of Singlet Oxygen 
Although the electronic transitions lLlg .- 3Lg' and lLg+ .- 3Lg' are highly 
forbidden, they are readily observed in the upper atmosphere, Isolated molecules of 
oxygen in the 1 Llg state spontaneously undergo a transition to the ground state, 
principally through the transition: 
3.1 
The radiative lifetime of singlet oxygen et Llg) is approximately 64 minutes, and the 
lifetime of the ILg+ state is -10 seconds[llJ, However, the measured lifetimes in the 
gas phase and in solution are considerably shorter than this, in condensed media the 
lifetime of the I Lg + state is so short that virtually nothing is known about it properties, 
In solution the lifetime of the I Llg state is shorter, due to interaction with the 
solvent[18,19J, The lifetime is shortened in solvents such as hydrocarbons, water and 
alcohols and varies from about 3 IlS in water to almost 70ms in some 
fluorocarbons[19.20.21 J. 
It is possible for the lifetime to be shorter than that expected in the solvent, due to 
energy transfer to the ground state of the sensitiser, providing the energy of the triplet 
state of the sensitiser is lower than the excited state of singlet oxygen (94 kJmorl). 
High laser energy can give lifetimes which are shorter than expected, due to 
multiphoton processes producing species which can quench singlet oxygen[22J. 
Collisions with other molecules can shorten this lifetime in two ways: 
a) They can induce an electric dipole transition at the same wavelength 
b) They can induce a radiationless transition to the ground state 
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3.4 Singlet Oxygen Reactions 
Singlet oxygen reacts with many organic compounds including olefins, dienes, 
sulphides, aromatics, hetero-aromatics, terpenes, steroids, fatty acids, proteins, nucleic 
acids and synthetic polymers. Most of the reactions fall into three general classes, the 
ene-reaction, Diels-Alder and the dioxetane reaction[23[. 
3.4.1 The Ene-Reaction 
The ene-reaction is a general type of reaction which is essentially a hydrogen 
abstraction and oxygen addition, Scheme 3.1. This reaction in which hydroperoxides 
are formed is observed with olefins possessing an allylic hydrogen[23[. 
Scheme 3.1: Oxidation of an alkene producing a hydroperoxide 
3.4.2 The Diels-Alder Reaction 
These reactions are observed with conjugated dienes and yield endoperoxides[231, 
Scheme 3.2. 
0=0 + 
o 
• I 
o 
Scheme 3.2: Oxidation of a diene producing an endoperoxide 
The rate constants for these reactions of singlet oxygen are very much higher than 
those for the corresponding 'normal' Diels-Alder reactions, principally due to much 
lower activation energies for the singlet oxygen reaction. The products of these 
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reactions are energy-rich and their thermal decomposition reactions are 
chemiluminescent. The best known example of a Diels-Alder reaction is probably that 
with 1,3-diphenylisobenzofuran (DPBF), Scheme 3.3. 
CsHs CsHs 
-:?' /""' O2 
-:?' -:?' 0 0 .. 
-~ :::-... ~ 0 ~ 
CsHs 
CsHs CsHs 
Scheme 3.3: Oxidation of DPBF 
Since under suitable conditions this reaction is quantitative, the bleaching of the 
absorption by DPBF, monitored at 420nm, has been used to study singlet oxygen in a 
variety of systems. 
3.4.3 The Dioxetane Reaction 
The dioxetane reaction has been reported to occur for olefins lacking an allylic 
hydrogen atom[231, Scheme 3.4. In the gas phase the reaction has only been observed 
by the appearance of electronically excited formaldehyde during the reaction. 
H 
I / 
XH 
O=C 
0 O-C- \ 
11 + • 1 1 • + H 
0 O-C-H 
1 
H O=C 
Scheme 3.4: Oxidation of an alkene forming a dioxetane intermediate 
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3.5 Processes Mediated by Singlet Oxygen 
Ground state molecular oxygen is well known to be highly reactive and essential to 
life. However, excited states of oxygen have been found to be involved in 
photosensitised oxidations, photodynamic inactivation of viruses and cells, photo-
carcinogenesis and in the photo-degradation of dyes and polymers, to name but a few, 
some examples of which are discussed in the following sections. 
3.5.1 Atmospheric pollution 
Singlet oxygen generated in the lower atmosphere by the action of sunlight on 
polycyclic aromatic hydrocarbons (PAH's) may be involved in causing atmospheric 
pollution and smog[24 j . PAH's are a class of organic pollutants released in the 
atmosphere by natural sources, (e.g. volcanoes) and many types of man-made sources, 
(e.g. automobile exhaust) and absorb sunlight in the UV-A region (320-400 nm). 
Production of I ~g by photosensitisation is favourable owing to the high triplet yields 
and long lifetimes of the triplet states. In addition to the direct reactions of singlet 
oxygen with biological substrates, PAH's react with I ~g to form unstable dioxetanes 
and endoperoxides which are potential candidates for biological damage. 
3.5.2 Photo haemolysis 
Photohaemolysis refers to the opening of red blood cell (RBC) membranes and 
release of haemoglobin, induced by exposure to light[24 j . Exposure of animals to 
sunlight after ingestion of plants containing the natural pigment hypericin (HY) leads 
to inflammation, ulceration, and infection, and in severe cases, convulsions and death. 
Studies have shown that photohaemolysis by hypericin requires singlet oxygen. 
3.5.3 Photodynamic therapy 
Photodynamic therapy (POT) is a potentially new method used in the treatment of 
cancer. It is used in conjunction with chemotherapy for treatment of malignant 
tumours and involves utilising the interaction of an inert dye, light and oxygen. 
The most widely used POT drug is Photofrin 7, it is a water soluble red powder 
consisting of a mixture of metal-free porphyrins[24 j . The active constituent referred to 
as dihematoporphyrin ether (OHE) consists of covalent dimers or small oligomers of 
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porphyrin units joined by ether and ester linkages. The structure of DHE is shown 
below: 
Me (CH 2),C0 2H 
H0 2C(H 2C)2 Me 
Me 
Me NH 
"'" 
(CH 2),C0 2H 
HN 
H0 2C(H 2C)2 ....." MeHC ~ HN I ~ NH 
-"'" C~O Me 
Me HMe 
CHOH 
Me M/ HOHC 
\ 
Me 
Figure 3.5: Structure of dihaematoporphyrin ether 
Mechanism of action 
Once administered intravenously, DHE localises and is retained for many days in 
tumours in the body. There is no therapeutic effect until the DHE in tumour tissue is 
exposed to strong visible light usually in the red region of the spectrum. The light 
exposure induces necrosis followed by sloughing of the necrotic tissue and regrowth 
of normal tissues. The putative action mechanism in PDT is that singlet oxygen 
generated by energy transfer from the DHE triplet state to oxygen, in the tumour, 
initiates lipid peroxidation in the endothelial cells of small blood vessels supplying the 
tumour cells. This process shuts down the oxygen supply to the tumour and induces 
the observed necrosis. Direct killing of cancer cells may also be involved as well. 
Oxygen is required for the initial photochemical reaction and its depletion initiates the 
clinical response. 
Limitations 
Although photodynamic therapy offers certain advantages over other therapies such as 
chemotherapy and radiation therapy, it does have several limitations, since the success 
of the technique is dependent upon the simultaneous presence of light, oxygen and 
sensitiser. Tumours are however, relatively anoxic, light penetration through tissue at 
currently used therapeutic wavelengths is limited to a few millimetres, and the 
absorption co-efficients of the sensitiser at these wavelengths is low. 
73 
3.6 Production of Singlet oxygen 
a) Chemical Generation 
Some ofthe chemical reactions used in the generation of singlet oxygen ellg) are: 
i) Decomposition of hydrogen peroxide, caused by reaction of hydrogen 
peroxide with the hyperchlorite anion or hyperbromite anion 
3.2 
ii) Reaction of potassium superoxide with water 
iii) Thermal decomposition of the ozonide oftriphenyl phosphite 
b) Microwave Generation / Gas Phase Discharge 
Radiofrequency discharge tubes have been utilised as a convenient source of singlet 
oxygen, for spectroscopic studies[25l. When an electric discharge, most commonly 
microwave radiation is passed through oxygen gas in a gaseous flow system, singlet 
molecular oxygen e llg and I Lg +), oxygen atoms and ozone are produced. The latter 
two oxidising species can be removed via reaction with mercury vapour, when the 
emerging gases are bubbled through solutions containing oxidizable substrates, the 
singlet oxygen ILg+ state is rapidly quenched to give the singlet oxygen Illg state. 
c) Photosensitization 
The method most frequently employed to generate singlet oxygen (Illg) is 
photosensitization. Both continuous irradiation and pulsed excitation studies have 
made much use of this method of production, which also frequently occurs in nature. 
This involves energy transfer from the triplet state of a sensitiser to the triplet ground 
state of molecular oxygen CLg-). The sensitiser triplet state must be of sufficient 
energy, i.e. above the energy of the excited singlet state (Illg) of oxygen (94kJmorl), 
to allow electron exchange energy transfer to occur. 
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The production of singlet oxygen via photosensitisation involves the following steps: 
I) Absorption oflight by the photosensitiser itself 
2) Formation of the sensitiser triplet state 
3) Trapping of the triplet state by molecular oxygen within its lifetime 
4) Energy transfer from the sensitiser to molecular oxygen 
Quenching of the excited singlet state S I by ground state oxygen may give rise to the 
first triplet state T1, which may then itself be quenched by ground state oxygen and 
produce singlet oxygen. This quenching of the singlet state may also be accompanied 
by production of singlet oxygen if the SI -. T I energy gap exceeds 94 kJmor l . 
d) Sensitised Production by Pulsed Radiolysis 
Passing a high energy electron beam through liquid benzene produces excited states in 
high yield[111. Since the lifetimes of singlet and triplet states of benzene are only of the 
order of a few nanoseconds, quenching by dissolved oxygen produces little singlet 
oxygen. However, in the presence of a triplet energy acceptor, e.g. naphthalene, 
energy transfer occurs from triplet benzene to produce triplet naphthalene, this is in 
turn quenched by oxygen, producing singlet oxygen. 
e) Direct Absorption by O2 (I L'ig) 
This method is less frequently utilised to sensitise singlet oxygen. 
20 (3~ - 3~ -) 2 g, g 3.3 
Generation of singlet oxygen is achieved by irradiation with a Nd:YAG laser of Freon 
solutions subjected to high pressures of oxygen using the simultaneous transition of 
oxygen. 
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3.7 Singlet Molecular Oxygen Detection 
3.7.1 Time Resolved Infra-Red Luminescence 
Although the quantum yield of singlet oxygen is very low in most solvents, the 
development of gennanium photodiodes with high gain, coupled with wide band 
width amplifiers, which can give overall time responses of less than a microsecond, 
means the lifetime of singlet oxygen in most solvents can be measured by monitoring 
IR luminescence at -I 270nm. 
There are two possible approaches to utilising phosphorescence of singlet oxygen as a 
detection method: 
a) Pulsed excitation of the solution of interest. 
b) Steady-state illumination and detection. 
Following pulsed excitation the logarithm of phosphorescence intensity is plotted as a 
function of time and the slope gives the decay rate constant. The measured rate 
constant will be the sum of the intrinsic rate constant for deactivation in that particular 
solvent, kJ, and any bimolecular quenching rate constants, kq, multiplied by quencher 
concentration, [Q]. 
kobs = k.J + kq [Q] 3.4 
Steady state phosphorescence measurements have also been employed to detennine 
quenching constants using the Stem-Volmer equation; 
10 = 1 + kq [Q] 3.5 
I kn 
by measuring the steady state phosphorescence intensity, I, as a function of quencher 
concentration. 
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3.7.2 Thermal Lensing 
The absorption of energy in a laser pulse gives rise to local temperature changes in 
gases and liquids. This local heating effect leads to a change in density and refractive 
index, which causes the system to act as a diverging lens. Non-radiative transitions 
from excited states release energy, which cause these local heating effects. Time 
resolved thermal lensing due to this release of energy could be used to measure 
lifetimes of singlet oxygen in the range 0.1 to lOOIlS, by probing with a another 
continuous laser source, which is deflected by the thermal lens. The dynamic range of 
time resolved thermallensing is determined by two factors; the acoustic transit time of 
the heat across the laser beam, determined by the velocity of sound in the medium, 
and the thermal recovery time of the medium. Since, in solution the dynamic range is 
0.1 to I DOllS the technique is ideal for investigative studies on singlet oxygen 
relaxation[26]. Thermal lensing is ideal for probing the decay rates of excited states, 
which do not have favourable spectroscopic properties for using conventional 
absorption or emission techniques. Time resolved thermal lensing could also be used 
to measure quantum yields of singlet oxygen[27] and in addition the time profile of 
heat generation could be used to yield the lifetime of singlet oxygen. 
3.8 Deactivation of Singlet Oxygen 
Deactivation of singlet oxygen e~g) in solution may occur via radiative or non-
radiative transitions to the triplet ground state, or via quenching of the singlet excited 
state. 
i) Radiative Decay 
Isolated molecules of oxygen may undergo spontaneous radiative decay to the ground 
state. Radiative decay of singlet oxygen involves emission from the excited state to 
the triplet ground state. 
3.6 
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This is an inefficient process with a low phosphorescence quantum yield, which emits 
in the near IR region of the spectrum. The decay of singlet oxygen is known to be 
significantly affected by the nature of the solvent in which it is dissolved. The effect 
of radiative decay has been studied extensively and subsequently it has been found 
that the dielectric constant has a significant effect on the radiative rate constant (k,). 
ii) Non-Radiative Decay 
Since the transition is forbidden due to the dielectric dipole. The radiative lifetime 
may be as long as 65 minutes in the gas phase. However, in the perturbing 
environment of a solvent, the transition probability increases significantly. In solution 
it is clear that non-radiative deactivation dominates over other processes, and that this 
pathway is highly dependent upon the molecular structure of the solvent. 
iii) Quenching 
Deactivation of singlet oxygen can be accomplished by either physical or chemical 
quenching. In both cases similar intermediates may be involved in the reaction or 
quenching paths. These processes have been described in detail in the following 
section. 
3.9 Quenching of Singlet Oxygen 
The quenching of singlet oxygen by definition involves the deactivation of the excited 
states of the oxygen molecule and may occur via a physical process or chemical 
reaction. 
Chemical Quenching 
This involves chemical reaction where singlet oxygen reacts with the quencher 
resulting in the formation of a new product. Singlet oxygen reacts with a substrate 
molecule to form an oxidised chemical species. This process may occur either via 
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auto-oxidation, where the compound sensitising singlet oxygen is itself attacked, or 
via dye-sensitised photo-oxidation. 
Physical Quenching 
Involves no ultimate chemical change and leads only to the deactivation of singlet 
oxygen to its ground state with no oxygen consumption or product formation. A 
number of mechanisms for the physical quenching of singlet oxygen have been 
proposed and several or all of these processes may be at work in a given system. 
3.9.1 Quenching by Solvent 
The lifetime of singlet oxygen vanes considerably with solvent. There is some 
correlation between the infra-red properties of the solvent in question and the singlet 
oxygen lifetime: the greater the solvent absorption at 7880cm·1 (I 270nm), the shorter 
the singlet oxygen lifetime. This indicates that direct conversion of the singlet oxygen 
electronic excitation energy into vibrational energy, in the solvent, is a dominant 
factor in determining the rate of decay. Consequently in solvents that possess 
combination bands which have appreciable absorption in this region, such as water, 
hydrocarbons and alcohols, the singlet oxygen lifetime is very short, being 
approximately a few tens of microseconds. 
In solvents such as freons and perdeuterated solvents, the positions of the infra-red 
absorption frequencies do not facilitate such energy transfer and therefore singlet 
oxygen lifetimes are longer, ranging from hundreds of microseconds to milliseconds. 
However, theories which only consider the infra-red properties of the solvent are not 
very successful at predicting the singlet oxygen lifetime in a given solvent. Hence, 
other solvent properties must be considered. In 1983 Hurst and Schuster showed that 
singlet oxygen is relaxed non-radiatively by a specific interaction with the hydrogen 
atoms of the solvent, this is weakened by deuteration, and further still by 
halogenation[28[. They concluded that the solvent induced relaxation was not strongly 
dependent on its donor-acceptor properties, and that the solvent simply acts as an 
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energy acceptor in the interaction with singlet oxygen. This suggests the relaxation 
process involves energy transfer from excited oxygen to vibrational levels of the 
solvent, as shown earlier by Merkel and Keams[29]. 
3.9.2 Charge Transfer Quenching 
This reaction involves interaction between the electron deficient singlet oxygen 
molecule with electron donors to give a charge transfer complex. 
3.7 
Numerous compounds have been suggested to quench singlet oxygen by a mechanism 
which involves charge transfer mediated spin-orbit coupling, such as sulphides[JO], 
phenols[31] and amines. There have been shown to be correlations between the rate 
constants for physical quenching of singlet oxygen and the ionisation potential of a 
number of aliphatic and aromatic amines, giving further support to the partial charge 
transfer proposal[32]. 
There appear to be two factors which determine the quenching rate constants of 
quenching by amines: one is the ionisation, the quenching rate increases with 
decreasing ionisation potential supporting the charge transfer mechanism, the other is 
steric factors, the quenching rate is seen to decrease with increasing steric hindrance a 
to the amino nitrogen[33]. This implies close approach of the oxygen to the amino 
nitrogen is required for quenching to occur. 
3.9.3 Quenching by Energy Transfer 
The quenching of singlet oxygen in fluid media via the energy transfer mechanism 
shown below has been documented for a number of compounds, this mechanism of 
quenching is the reverse of the reaction by which singlet oxygen is formed, it involves 
formation of triplet quench er and ground state oxygen. The acceptor A is required to 
have triplet energy of less than or approximately equal to 94 kJmorl. This mechanism 
80 
was initially demonstrated in 1968 by Foote and Denny[341 for quenching of singlet 
oxygen, iLlg , by p-carotene. 
3.8 
A number of compounds have been reported as efficient quenchers of singlet oxygen 
in solution via the mechanism of energy transfer, p-carotene being one of the most 
effective and most studied[351. p-carotene has a low lying triplet state (88 kJmor i ) and 
has been widely demonstrated to quench singlet oxygen via electronic energy 
transfer[361. 
3.9.4 Electron Transfer Quenching Mechanisms 
a) Quenching Via Encounter Complexes 
An encounter complex can be visualised as an intermolecular ensemble of an excited 
state molecule and ground state molecule, usually separated by a small distance 
(-7A), and surrounded by several shells of solvent molecules; the innermost shell 
being the solvent cage. Excitation of the sensitiser usually takes place before 
formation of the encounter complex. 
In the case of quenching via electron transfer, transfer of the electron occurs during 
the lifetime of the collision complex, the charge transfer species which is immediately 
formed is known as a "contact ion pair" (CIP). The collision complex can separate 
slightly, undergo electron transfer, and generate a "solvent separated ion pair" (SSIP), 
Figure 3.6. Following electron transfer, solvent molecules rapidly stabilise contact ion 
pairs and solvated ion pairs. Thus a contact ion pair may be separated by a solvent 
molecule and be converted into a solvent separated ion pair and conversely a solvent 
separated ion pair may convert to a contact ion pair. 
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• 
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Collision Complex 
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/ 
Contact Ion Pair 
Figure 3.6: Possible species formed during electron transfer quenching 
b) Quenching via Exciplexes 
If the interaction between the reactants is strong, before proceeding to products an 
encounter complex can rapidly form an intermediate, which may have a sufficiently 
long lifetime to undergo light emission. Such intermediates are termed exciplexes. 
The term exciplex refers to an excited state complex formed by the combination of 
two non-identical moieties, atoms or molecules both in the excited state. Exciplexes 
are characterised by strong binding energies, partial charge transfer on each reactant 
molecule, and large dipole moments, which reflect the degree of charge transfer!37). 
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3.10 Quenching by Ground State Oxygen 
Many different substances of which oxygen is the most ubiquitous induce quenching. 
When quenching of an excited state takes place, excitation energy may be transferred 
to oxygen, resulting in the formation of the first excited state of the oxygen molecule, 
the second may be generated initially depending on the energy of the donor. 
Quenching of singlet states of molecules can occur if the excited singlet lifetime is 
sufficiently long or a high concentration of oxygen is present. Quenching occurs by 
collisional spin allowed energy transfer generating singlet oxygen, if the energy gap 
between singlet and triplet states in the donor is large enough[38 j ; 
3.9 
and by spin allowed catalysed intersystem crossing; 
3.10 
In the case of quenching of triplets, quenching occurs either by collisional spin 
allowed energy transfer; 
"-
3M* + 302 eLg) --+. 'M + '02* (' L'.g) 
3.11 
or by spin allowed catalysed intersystem crossing; 
3.12 
Molecular oxygen is an efficient quencher of electronically excited states and in most 
cases quenching by oxygen is so efficient that the reaction rate is believed to be 
diffusion limited. However, quenching rate constants reported in the literature vary 
from compound to compound[3943 j . 
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3.10.1 Diffusion Controlled Reactions 
Encounters between reactants in solution occur in a different manner from encounters 
in gases. Reactant molecules need to make their way through the solvent and as a 
result their encounter frequency is considerably less than in a gas[441. 
Consider the following bimolecular reaction; 
kdiff 
A + B - [A ---B) p 3.13 ... 
Ldiff 
The reaction can be considered in terms of the formation and dissociation of an 
encounter complex. If the rate of formation of products is greater than the dissociation 
ofthe encounter complex, kp» k.diff, the reaction fully diffusion controlled and kobs = 
koiff. Conversely, where rate of dissociation of the encounter complex is greater than 
the rate of formation, k.diff» kp, the reaction is considered to be in the pre-
equilibrium region. 
If a reaction is diffusion controlled the rate of reaction cannot exceed the rate the 
molecules can diffuse together to react. Therefore the reaction is determined solely by 
the rate of encounter and is limited by the rate of diffusion. 
It is often claimed that a quenching reaction is diffusion controlled if the rate constant 
exceeds a value of approximately 1010 I mor l S·I, or sometimes even a value smaller 
than this. It is important that a clear distinction is made between fully diffusion-
controlled reactions and nearly diffusion controlled reactions, since in the latter case 
the quenching efficiency is less than unity. Quenching of excited states of many 
organic molecules by oxygen is considered to be diffusion controlled, to determine the 
fraction that is diffusion controlled it is necessary to consider the spin statistics. 
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3.10.2 Singlet Excited States Interaction with Ground State Oxygen 
The most extensive studies in conventional solvents have been carried out on excited 
singlet state interactions of aromatic hydrocarbons with ground state molecular 
oxygen[45-481. Experimental rate constants for a large number of molecules have been 
obtained from Stem-Volmer plots of the effect of oxygen concentration on the 
fluorescence intensity, and by measuring the fluorescence lifetimes in the absence and 
presence of oxygen. Singlet excited state lifetime measurements have been found to 
yield quenching rate constants, kq s, which are shown to be diffusion controlled[45.47,481. 
The quenching rate constants of the SI state in non-viscous solvents have been 
reported to be of the order of 1010 mol ("I S·I, close to the rate constant for diffusion 
control, calculated by the Debye equation[491: 
kdiff = 
8RT 
311 3.14 
However this expressIOn has often failed In experiments where a change In 
temperature and solvent, results in a change in viscosity. 
High pressure studies have clearly demonstrated that fluorescence quenching by 
oxygen of the SI state of a number of me so-substituted anthracene derivatives is 
diffusion controlled in nature, from the pressure induced solvent viscosity dependence 
at constant temperature[47.481. Okarnoto studied the fluorescence quenching of 9, 10-
dicyanoanthracene (DCNA) by oxygen, in liquid and supercritical carbon dioxide at 
25°C and 35°C respectively as a function of pressure[451. The quenching rate was 
found to below diffusion control and increased with increasing pressure in both 
systems. The plots of Inkq against pressure were approximately linear in liquid CO2, 
whereas in supercritical C02 quenching rates increased rapidly in the lower pressure 
region and monotonically with further increases in pressure. In an earlier study 
Okarnoto and co-workers[461 investigated quenching of another derivative of 
anthracene, 9-dimethylanthracene (DMEA), and found it to be nearly diffusion 
controlled and to possess a positive activation volume. The quenching rate constant 
for DCNA was reported to be significantly smaller than that for DMEA. They 
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explained this in terms of the electronic nature of the substituents, since DCNA has an 
electron withdrawing group and DMEA has an electron donating group. 
More recently Okamoto and Tanaka[47] studied the effect of pressure, on quenching of 
the SI state of pyrene in non-polar solvents. They found that the rate constant for 
quenching kq s, decreased significantly with increasing pressure due to increasing 
viscosity. They postulated that the quenching by oxygen may involve an encounter 
complex pair I(M02)', with singlet spin multiplicity, Scheme 3.5. 
k.Jiff 
kic 3M' + 02 eLg") IM' + 02 eLg") ~ I(M O2)' ~ 
k.diff 
IM' + O2 eLg-) 
kdiff 
I(M O2)' kc, 3M' + O2 (I~g) .,...J ~ 
k.diff 
Scheme 3.5: Formation of an encounter complex of singlet multiplicity during singlet 
state q uenchiug by oxygen 
3.10.3 Triplet Excited States Interaction with Ground State Oxygen 
In what is widely regarded as the seminal work in this field, Porter and co-workers 
reported on the mechanism of oxygen quenching of electronic excited states of 
aromatic hydrocarbons[50,51J. They demonstrated the importance of spin statistical 
factors in the quenching of triplet states by oxygen. 
Essentially the spin states of the donor and acceptor can be combined in any way to 
give those of products provided there is no change in total spin[52]. 
Porter and Keams[50.53] initially investigated the quenching mechanism of aromatic 
hydrocarbons, and Algar and Stevens[54] proposed the spin statistics for triplet state 
quenching by molecular oxygen, Scheme 3.6. 
86 
3S· + 30 1/9
k l .. 
I [S---021* ket IS + 10 * .. .-2 k_1 2 
113 k2 .. kisc 
2 
3 [S---021* IS + 30 .. .-
k-2 2 
3 
5/9k3 .. 
5 [S---021* .. 
k-3 
Scheme 3.6: Different pathways for triplet state quenching by oxygen 
Where ko, and kisc denote the rate of formation of products via energy transfer and 
intersystem crossing respectively. 
According to the spin statistical factors, two interacting triplets give rise to nine 
possible encounter complexes; five quintet states, three triplet states and one singlet 
state, all of equal probability. If all three steps were occurring then the quenching 
constant would be equal to the diffusion constant. 
For triplet-triplet encounters there are no spin allowed products for a quintet state, 
therefore the maximum rate constant is 4/9 of the diffusion controlled value (route 1 
and 2 respectively). Of the two possibilities energy transfer to oxygen (route 1) is 
more favourable, because it is spin allowed and paramagnetically induced. The 
formation of products for the triplet state (route 2) is spin allowed but has poor 
Franck-Condon factors, hence this route is rendered less favourable. 
Porter et a/.ISO,SI] showed experimentally, for aromatic hydrocarbons with low triplet 
energy, ET, between 30 and 42kcal mOr', the rate constant for triplet quenching (kq T) 
was limited to approximately one ninth of the diffusion controlled rate constant. They 
also showed that the quenching of triplet states with high triplet energies, where ET > 
42kcal mOr', gave rate constants which were less than '/9k.!iff. Such observations led 
to the suggestion that kqT reflected quenching solely via route one, Scheme 3.6, and 
was therefore limited to a maximum value of '19 k.!iff. 
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Deviations to lower values were considered to arise as a consequence of both 
decreasing Frank-Condon factors with increasing triplet energy and hydrocarbon 
dependent symmetry factors that effectively decreased the relative magnitude of kl 
with respect to k..1 [50.53]. Quenching via the triplet encounter complex was predicted to 
be negligible due to the highly unfavourable Franck-Condon factors for the more 
exothermic process, giving ground state products leading to k.2 » k2[53]. The fact that 
kq T was experimentally limited to 1 19 ~ifT confirmed the lack of involvement of route 2 
Scheme 3.6, at room temperature. 
Garner and Wilkinson[55] obtained rate constants that were greater than 1 19 ~ifT, in 
some cases rate constants approached 4/9 kdifT, they explained this in terms of both 
singlet and triplet encounter complexes decaying efficiently to form products. They 
proposed that encounter complexes involving high energy triplet states of carbonyl 
and amine molecules with oxygen have a degree of charge-transfer character. They 
propose the charge transfer state may lie at lower energies than the locally excited 
triplet states, in which case processes one and two in Scheme 3.6 may involve 
transitions to these states. The scheme they proposed, which includes inter-system 
crossing between charge transfer states of singlet and triplet multiplicity is shown in 
Scheme 3.7. 
'/91<0;. 
3M* + O2 (3Ig·) 4 ~ '(M* ... 02) 4 ~ '(M+ O2') ---. '(M O2)* ---. M + O2* eIg.'~) 
k-diff 
'/31<0;. 
3M* + O2 eIg') 4 ~ 3(M* ... O2) 4 ~ \M+ O2') ---. M + O2 eIg') 
k.dl• 
Scheme 3.7: Spin statistical mechanism involving inter-system crossing between charge 
transfer states 
Gorman and co-workers[56] obtained rate constants which were either below or 
approximately equal to 1/9 kdifT, indicating the major decay process was through the 
singlet complex. They attempted to correlate their data according to Garner and 
Wilkinson's proposal. They reported that if a charge transfer state exists between a 
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sensitiser and oxygen, its energy will be related to the ionization potential (IP), where 
the term ET-IP governs the ease of charge transfer formation. A larger energy gap 
implies the transition is less likely and the reaction would proceed through the singlet 
encounter complex. For the triplets studied the correlation to this data was poor and 
therefore they concluded that any contribution from charge transfer interactions was 
relatively insignificant. They also obtained singlet oxygen quantum yields of less than 
unity and suggested this may be due to intersystem crossing within the singlet 
complex. 
"Grewer and Brauer[39] investigated the mechanism of triplet state quenching by 
molecular oxygen in solution and generally corroborate the mechanism described by 
Scheme 3.6. They report a strong dependence of kq T on the free enthalpy change of 
energy transfer, implying the participation of charge transfer interactions. However, 
the quenching data for 9-methylcarbazole could not be described adequately by 
Scheme 3.6, they provide evidence for intersystem crossing between charge transfer 
complexes of triplet and singlet multiplicities 3(MO+ ... 0 2B) and I (MO+ .. . 02B), as 
postulated by Gamer and Wilkinson, Scheme 3.7. 
Generally, because the application of high pressure can significantly change solvent 
viscosity without having to change temperature or solvent, studies performed at high 
pressures provide information for quenching with nearly and fully diffusion controlled 
rate constants. Okarnoto, Tarnai and Tanaka[43] reported, for systems with high k/ at 
0.1 MPa, the rate of quenching decreased monotonically with increasing pressure, 
whereas for those with lower kqT at O.IMPa, the pressure dependence ofkqT showed a 
maximum. They found that the triplet energy dependence of kq T decreases as pressure 
increases and found kq T to be almost independent of triplet energy at higher pressures 
2: 400MPa. 
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3.11 Singlet Oxygen Quantum Yields 
The quantum yield of sensitized production of singlet oxygen <1>", is given by the sum 
of the contributions arising from oxygen quenching of the lowest excited singlet state 
(SI) and the lowest excited triplet state (TI) of the sensitiser; 
3.15 
Singlet oxygen is thus produced with varying efficiency due to quenching of both 
triplet and singlet states. The quantum yields of production of singlet oxygen (I Dog) 
have been reported for a number of compounds in a variety of solvents[II,57-60l. 
Rate constants for quenching of singlet, kqS, and triplet states kq T, by oxygen and the 
fraction of triplet states quenched which produce singlet oxygen, I", T, have been 
shown to depend on several factors including; excited state energy, nature of the 
excited state, redox potential of the excited state and nature of the solvent[50,61-64l, 
There has been considerable recent interest in the factors which determine oxygen 
quenching of excited states and the efficiency of formation thereby of singlet 
oxygen[61-64l, However, despite recent interest over the last few decades, the 
mechanism by which oxygen quenches the excited states of organic molecules 
remains poorly understood[6o-63l, It is well known that singlet oxygen e Dog) is 
frequently produced as a consequence of these quenching interactions, However, it is 
abundantly clear that the yield of singlet oxygen and the quenching rate constants vary 
considerably depending on the nature of the excited state being quenched and on the 
solvent or micro-environment[60-73l. 
In the early seventies Potashnik et afl66l showed that oxygen quenching of the lowest 
excited singlet state of eight aromatic hydrocarbons induces intersystem crossing with 
high yield in toluene, they found that this yield drops when acetonitrile is used as a 
solvent. The fraction of singlet states quenched by oxygen which yield triplet states, 
with or without singlet oxygen production,/r02, was found to be ~ 0,9 in all cases in 
toluene, but decreased to give values in the range of 0,55 to 0,9 in the polar solvent 
acetonitrile, 
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More recently, Sato et a/[67] measured the fraction of excited triplet states arising due 
to oxygen quenching of the excited singlet states of nine aromatic hydrocarbons in 
acetonitrile and values were reported to be between 0.36 and 1.0. Wilkinson and co-
workers measured/T02 values for anthracene and eight of its derivatives, values were 
found to vary from approximately 0.6 to 1.0 in acetonitrile[63], however in 
cyclohexane these same derivatives had/T02 values ofunity[61]. 
McLean et a/[68] measured the singlet oxygen efficiencies of singlet oxygen 
production from both excited singlet/os and triplet states/oT, of seven compounds in 
benzene solution. They reported/6 s values of zero in every case except for pyrene and 
perylene for which values of O. \3 and 056, respectively, were reported. 
Gorman and Rodgers[69] investigated the quenching of various aromatic hydrocarbons 
in a variety of solvents. They reported mixed first and second order decay kinetics of 
singlet oxygen, as a result of the oxygen quenching of certain aromatic triplet ketones. 
They postulated the second order contribution was a result of a bimolecular reaction 
between singlet oxygen and a long lived species, formed due to oxygen quenching. 
They obtained low values for efficiency of singlet oxygen generation and proposed 
for aromatic ketones this could be due to competition between formation of singlet 
oxygen and a biradical species (Figure 3.7), as a result of branching of the singlet 
encounter complex. 
R 0 
RXO_O. 
Figure 3.7: Diagram of biradical species 
Such a biradical species, of unspecified multiplicity, was originally proposed by 
Quinkert as an intermediate in the light induced oxidation of methanone[70]. 
Wilkinson, McGarvey and Olea investigated the factors affecting the efficiency of 
singlet oxygen production, by studying oxygen quenching of a range of meso-
substituted anthracenes in cyclohexane[61]. Singlet oxygen production efficiency from 
the singlet state ranged from zero to unity. However, singlet oxygen production from 
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the triplet state was found to be unity in all cases. This observation was explained in 
terms of dependency of the efficiency of formation on the triplet encounter complex 
3(T2 .. h:). They postulated that the complex dissociates to give ground state oxygen 
and the T 2 state of the separated anthracene derivative, which dissipates its excess 
energy by internal conversion to the T I state, the dissociation of the 3(T I .. h:) 
complex subsequently produces singlet oxygen. They also reported values for a range 
of substituted biphenyls[41.7I) and naphthalenes[72) in acetonitrile, benzene and 
cyciohexane. The k T values showed pronounced sensitivity to the oxidation potential 
of the derivatives and to solvent polarity. An increase in polarity and in oxidation 
potential ofthe derivative resulted in an increase in the quenching rate. 
Schmidt et aP3) studied the rate constants for formation of the ILlg, l:Eg+ and 3:Eg" states 
of molecular oxygen, for a series of nine benzophenones of varying oxidation 
potential, but almost constant triplet energy. Weaker charge transfer effects were 
observed for TI (n, 71*) benzophenones compared to those obtained for TI (71, 71*) 
biphenyls. Quenching of TI (n, 71*) and TI (71, 71*) sensitisers were proposed to 
proceed via two different channels, each capable of producing the three lowest lying 
states of molecular oxygen[73), Scheme 3.8. 
.. 
k.difl 
neT 
1.3.5 (TI 3:E) 
peT peT 
Scheme 3.8: Schematic to illustrate the different pathways for partial and non charge 
transfer qnenching 
On measuring values for S6, using a range of substituted naphthalene and anthracene 
compounds, McGarvey, Wilkinson and 0Iea[61.72) reported the substitution of these 
compounds had the effect of varying the charge transfer nature of the intermediate 
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complexes. Indicating that participation of charge transfer interactions causes a 
decrease in singlet oxygen efficiency. However, they could not determine whether the 
charge transfer interactions were partial or complete. 
Darmanyan and Foote[74] investigated the effect of sensitiser heavy atoms on the 
singlet oxygen generation efficiency. They found that in the case of 71,71' triplets 
(tetrahalo-p-benzoquinones and haloanthracences) introduction of heavy atoms had 
practically no influence on the singlet oxygen generation efficiency. However, for 
n,7I' triplets (haloacetophenone), the 8", values decreased sharply with increasing 
number of heavy atoms. The rationale they provide takes into consideration the 
intersystem crossing between singlet and triplet states in an encounter complex. They 
assume for 71,71' triplet sensitisers intersystem crossing from the triplet state to the 
singlet state of the encounter complex with oxygen, is faster than dissociation of the 
triplet encounter complex to ground state sensitiser and oxygen, 3Lg-. In contrast, for 
n,7I' triplets, the rate constants for dissociation of the triplet encounter complex of the 
triplet carbonyl with oxygen 3(8 ... 02)', to the ground state is much larger than that for 
reverse intersystem crossing in the complex eC8 ... 0 2)' --. ,(8 ... 0 2)\ and it is this 
irregularity that explains the low singlet oxygen efficiencies, in these cases. 
Darmanyan and Foote also studied the solvent effects on the singlet oxygen quantum 
yield[75]. They report that for carbonyls, the quenching rate constant and singlet 
oxygen generation efficiencies are independent of polarity and viscosity of the 
solvent, with few exceptions, and therefore the assumption that kq T - '/9 k.Iiff for 
estimating quenching by the energy transfer mechanism does not hold. However, 
singlet oxygen efficiencies did increase in alcohols, they explained this trend in terms 
of specific solvation of the triplet carbonyls by alcohols, which resulted in a decrease 
in the deactivation rate constant of the triplet encounter complex to the ground state, 
and an increase in the contribution of energy transfer to quenching. 
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Chapter 4 
Experimental 
4.0 Experimental 
4.1 Materials 
The details of suppliers are shown below, compounds were used as received. 
Compound Purity Supplier 
Benzophenone 99% Aldrich 
Anthracene 99% Aldrich 
Perinaphthenone 97% Aldrich 
Phenazine 98% Fisher 
Table 4.1: Compounds employed for experimental studies 
Solvent Grade Supplier 
Acetonitrile 99%HPLC Aldrich 
Acetonitrile 99.5% Spectrophotometric Aldrich 
Carbon Dioxide SFC BOC 
Table 4.2: Solvents employed throughout experimental studies 
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4.2 Ground State Absorption Spectra in Solution 
All ground state absorption spectra were recorded using an HP8453 UV-Visible 
spectrophotometer. Samples were measured using the solvent (acetonitrile) as a blank. 
Ground state spectra are shown in Figures 4.1 - 4.4. 
4.3 Degassing 
Triplet and singlet excited states can be quenched by ground state molecular oxygen 
and therefore it is necessary to de-gas solutions prior to the experiment. One method 
of achieving this is via the freeze pump thaw technique. 
4.3.1 Freeze Pump Thaw (Solution Experiments) 
The solution of interest is placed in a cell and attached to a vacuum line. The solution 
is then frozen under liquid nitrogen and the air evacuated out of the sample using the 
vacuum pump, the pressure is reduced to below 10.3 bar. The cell is then sealed and 
solution allowed to thaw, allowing trapped air in the solution to equilibrate with the 
air in the rest if the cell. The process is then repeated, until there is no further change 
in the pressure when the frozen sample is opened to the vacuum pump. 
4.4 Nitrogen Bubbling (SCF Experiments) 
The solution is transferred to the solution reservoir, Figure 4.5, and sealed. The top of 
the solution reservoir is fitted with two rubber suba-seals, one is fitted with tubing 
which allows the solution to be pumped, the other is fitted with inlet and outlet 
syringe needles. Nitrogen is passed into the solution through one of these needles, 
thus removing the oxygen present. The solution is saturated with nitrogen for 
approximately 20 minutes, prior to pumping. 
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Figure 4.1: Ground state absorption spectrum of benzophenone 
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Figure 4.2: Ground state absorption spectrum of anthracene 
IAnthracene1 = 3.33 x 10" mol r' at 355nm 
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Figure 4.3: Ground state absorption spectrum of perinaphthenone 
[Perinaphthenone] = 1.78 x 10-4 mol r' at 355nm 
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4.5 Laser Flash Photolysis 
This is achieved using a Lumonics HyperY AG HY200 Q-switched Nd: Y AG laser 
with a pulse duration of 8ns. The energy per pulse is approximately 7mJ per pulse. 
The wavelength used for the photochemical investigations is achieved using the third 
harmonic at 355nm of the fundamental laser wavelength at 1064nm. 
The excitation energy was attenuated using solutions of sodium nitrite in water. The 
analysing beam was obtained from a 250W xenon arc lamp (Optical Radiation 
Corporation). Appropriate filters were used to cut off any unwanted wavelengths. 
Neutral density filters were employed to reduce the intensity of the beam. 
4.6 Ground State Absorption Spectra in SCF Cell 
All Ground state absorption spectra in the cell, were recorded using a photodiode 
array detector and a 250W xenon arc lamp as a continuous source. Acetonitrile is 
initially introduced to the cell as the background measurement, pressurised to 15bar 
and the lamp intensity recorded. The lamp intensity profile is then recorded with the 
sample in the cell. 
4.7 Time Resolved Absorption Measurements 
The analysing light from the arc lamp was collected and focused into a 
monochromator and photomultiplier tube (Hamamatsu R928). An accelerating 
voltage was applied to the photomultiplier tube using a Fluke 4158 high voltage 
power supply, the signal from the photomultiplier tube was then transferred to a 
digital oscilloscope (Tektronics 2432A) and interfaced to the computer via an A T-
GPIB card (National Instruments). 
The sequence and timing of the events on this system were controlled by a home built 
analogue delay generator which sends out a clock pulse every 1.65ns, which triggers 
the computer and sets up two delays, one to trigger the opening of the shutters and the 
other to fire the laser. The computer enables the relevant shutters, ready to be 
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triggered by the delay generator and arms the oscilloscope. The 1064nm from the 
laser is set to trigger the oscilloscope by leakage through the end cavity mirror and is 
detected using a photodiode. On receipt of this signal the oscilloscope triggers, 
digitises and transfers the data from the photomultiplier to the computer where it is 
first displayed on the screen and then saved. The whole cycle takes less than 1.6 
seconds and it is repeated on receiving the next clock pulse until the baseline, 
transient absorption, emission and topline are recorded. 
4.8 Time Resolved Emission Measurements 
Transient emission spectra were carried out using a gated photodiode array system 
(EG&G Princeton Applied Research). The laser pulse is detected by a photodiode via 
an optic fibre cable positioned next to the laser output, and the signal from this 
photodiode triggers the gate pulse interface. The resulting gate pulse is amplified and 
applied to the microchannel plate thus effectively opening the optical gate, for the 
duration of the gate pulse, allowing detection by the photodiode array. The emitted 
light from the sample is collected using a fibre optic cable, which transfers it to the 
spectrograph. Gate widths of lOOns were used, the minimum gate delay from the laser 
pulse being 85ns, determined by the insertion delay ofthe gate pulse interface. 
The system consists of a detector interface (Model 1461), a gate pulse interface 
(Model 1303), a gate pulse amplifier (Model 1304) and an intensified detector (Model 
1455B-700-HQ). The spectrograph was blazed at 200nm, 147.5g1mm and at 500nm, 
150 glmm. Centre wavelengths and spectrograph gratings were chosen according to 
the sample being studied. 
Transient emission kinetic data were collected using the Q-switched Lumonics 
HyperY AG HY200 at 355nm. The emission was collected and focused into the 
monochromator and photomultiplier tube, the signal from the photomultiplier was 
then transferred to the digital oscilloscope and interfaced to the computer, via an AT-
GPIB interface card (national instruments). Traces were recorded as described in 
Section 4.7, in emission only mode, which records laser emission and the topline 
only, see Section 4.18. 
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4.9 Singlet Oxygen Luminescence Detection 
An EO-980P liquid nitrogen cooled germanium photodiode detector (North Coast 
Scientific), was employed to detect singlet oxygen luminescence, observed at 
1270nm, resulting from radiative relaxation of the l8.g state of molecular oxygen. A 
1270nm interference filter was interposed between sample and detector, to reduce 
detection of sensitiser emission and laser scatter, and to isolate the singlet oxygen 
phosphorescence. A 355nm filter was used to stop any laser reaching the detector, see 
Figure 4.9. When measuring singlet oxygen phosphorescence in solution the 355nm 
filter is not required, since the detector is positioned perpendicular to the beam. 
Data capture was achieved with a 250 MS/s digitising oscilloscope. 
4.10 Sample Preparation 
Samples are introduced into a home built high pressure optical cell, with fused silica 
windows at either end (see Figure 4.7 and 4.8), as a solution of the desired 
concentration. The solution is pumped into the cell, from a reservoir, using an HPLC 
pump (JASCO model PU 980). Once the solution is in the cell the solvent is removed, 
by purging with a steady flow of carbon dioxide or nitrogen gas, for approximately 40 
minutes (until all the acetonitrile has been removed), whilst heating the cell 
electrically using a home built temperature controller. The tubing is heated using a gas 
chromatograph oven, Figure 4.6. 
Carbon dioxide at a pressure of 58bar is liquefied by chilling to _5aC. The liquid 
carbon dioxide is pumped into the cell using a HPLC pump through 1116 in. stainless 
steel tubing, and the cell pressurised to give the desired pressure and heated to the 
required temperature. Pressures ranged from 100 to 400bar, monitored using the 
pressure transducer in the HPLC pump head. Temperatures ranged between 300 and 
330K. 
Oxygen quenching experiments involve introducing a desired concentration of 
oxygen into the cell after the solvent has been removed. This involves flushing the 
cell with mixtures of dry oxygen and nitrogen using the gas mixer (Table 4.3 and 4.4), 
the ratio of which is controlled using two flow meters (Platon). 
105 
Tubing connected to 
HPLCpump 
Inlet needle connected 
to N, supply 
Solution Reservoir 
Gas mixer 
Chromatograph 
oven 
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Figure 4.6: Schematic diagram of SCF preparation system 
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Figure 4.8: Optical cell components 
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4.11 Oxygen Concentrations 
The quantities of oxygen and nitrogen required to give the desired oxygen 
concentration are given in the following table. 
Oxygen (%) Oxygen cm3min-1 Nitrogen cm3min-1 
15 60 340 
25 100 300 
35 140 260 
50 200 200 
65 260 140 
75 300 100 
100 100 0 
Table 4.3: Ratios of oxygen and nitrogen used to achieve different oxygen 
concentrations 
The number of moles of oxygen were calculated according to the ideal gas equation: 
Atmospheric pressure (Pa) x Volume (m3) 
No. of moles of oxygen = ----------------
Ideal gas constant (JK"lmorl) x Temperature (K) 4.1 
Oxygen concentrations are calculated by multiplying the number of moles by the 
fraction of oxygen used, Table 4.4. 
Oxygen Oxygen Concentration mol rl 
(%) 308K 318K 328K 
15 0.0059 0.0057 0.0056 
25 0.0099 0.0096 0.0093 
35 0.0138 0.0134 0.0130 
50 0.0198 0.0192 0.0186 
65 0.0257 0.0249 0.0242 
75 0.0297 0.0287 0.0279 
100 0.0396 0.0383 0.0372 
Table 4.4: Oxygen concentrations at different temperatures 
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4.12 Quenching of Benzophenone Triplet State by Oxygen 
Benzophenone in acetonitrile (0.03 mol rl in 50ml) was transferred to the solution 
reservoir and purged with nitrogen gas prior to pumping. The solution was pumped 
into the cell, and the solvent removed by flushing with nitrogen, as described in 
Section 4.10. The desired concentration of oxygen was trapped in the cell and 
pressurised with supercritical carbon dioxide. 
4.12.1 Transient Emission Measurements 
Acetonitrile (spectrophotometric grade) was pumped into the cell and pressurised to 
15bar. The light intensity through the cell was measured and recorded (as baseline 
measurement for calculation of sample absorbance), using the xenon arc lamp and the 
photodiode array detector. The system was purged with a steady flow of nitrogen gas 
for 30 minutes in order to remove the solvent. Once the sample was introduced into 
the cell and dissolved in supercritical carbon dioxide the lamp spectrum through the 
cell was recorded. Benzophenone phosphorescence (Section 4.8) was measured using 
a gated diode array detector at increasing time delays, ten averages were taken per 
spectrum, each at an exposure time of approximately one microsecond. The 
configuration of the apparatus is shown in Figure 4. I O. 
The intensity of the arc lamp through the cell and benzophenone phosphorescence 
were recorded at pressures of 200, 220, 240, 260, 280 and 300 bar, along isotherms of 
305,308,312 and 318K. 
4.12.2 Transient Absorption Measurements 
Transient absorption decay of benzophenone was measured at 525nm using the 
monochromator and oscilloscope (Section 4.7), at pressures of 100, 150, 200, 250 and 
300 bar along isotherms of 308,318 and 328K as a function of laser energy. 
Sodium nitrite filters were used to attenuate the laser, the configuration of the 
apparatus is shown in Figure 4.11. 
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4.13 Benzophenone Triplet Decay in Supercritical CO2 
The solution of benzophenone in acetonitrile was purged with nitrogen gas for 30 
minutes in the solution reservoir and introduced into the cell as described in Section 
4.10. 
Benzophenone triplet decay was measured at 525nm, in the absence of oxygen as a 
function of temperature and pressure. 
The decay traces were measured using a monochromator and oscilloscope, Figure 
4.12. Data was gathered at pressures of 100, 150, 200, 250 and 300bar pressure, at 
temperatures of 308, 318 and 328 Kelvin. The experiments were carried out at 
concentrations of 0.03 mol ri, 0.02 mol rl and 0.0 I mol rl. 
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Figure 4.12: Geometry of apparatus for measuring beuzophenone triplet decay and 
for beuzophenone ground state quenching experiments in supercritical CO, 
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Figure 4.10: Geometry of apparatus for benzophenone transient emission measurements 
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Figure 4.11: Geometry of apparatns for benzophenone transient absorption 
measurements 
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4.14 Quenching by BZP Ground State 
4.14.1 Measurements in Solution 
A solution of benzophenone in acetonitrile (3 x 10.3 mol rl in 10ml) was transferred 
to a sealable vacuum cell and subjected to three freeze-pump-thaw cycles, using the 
vacuum pump. Benzophenone triplet states were produced using 355nm pulsed laser 
excitation from aNd: Y AG continuum surelite laser. The lifetime of benzophenone 
was measured as a function of laser energy, by monitoring transient decay using the 
monochromator and oscilloscope, Figure 4.13. Sodium nitrite filters were used to 
attenuate the laser. 
Shutter 
1_: 
l_ ___ _ _ _ _ _ _ _ _, 
Oscilloscope 
Monochromator 
Figure 4.13: Geometry of apparatus used in benzophenone ground state 
quenching experiments in solution 
4.14.2 Measurements in Supercritical CO2 
The benzophenone solution (0.03 mol rl) was purged with nitrogen gas for 30 
minutes in the solution reservoir and introduced into the cell as described in Section 
4.10. Benzophenone triplet states were produced using 355nm pulsed laser excitation 
from aNd: Y AG HY200 laser. Benzophenone transient decay was measured as a 
function of laser energy, using the monochromator and oscilloscope. The apparatus is 
shown in Figure 4.12. Sodium nitrite filters were used to attenuate the laser 
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4.15 Singlet Oxygen Quantum Yields in Supercritical Carbon Dioxide 
Acetonitrile was pumped into the cell, pressurised to 15bar and the light intensity 
through the cell was recorded (as the baseline for calculation of sample absorbance). 
The sample was introduced into the cell and purged with carbon dioxide gas, the 
desired concentration of oxygen gas was then introduced into the cell, followed by 
carbon dioxide, as described in Section 4.1 O. Once at the required temperature and 
pressure the system was left to equilibrate for approximately 20 minutes. Singlet 
oxygen phosphorescence was measured using the singlet oxygen detector and 
oscilloscope, see Section 4.9. Once the decay traces had been recorded for a particular 
solute the cell was cleaned by flushing with acetonitrile (HPLC grade). The reference 
sensitizer was then introduced into the cell, and the experiment repeated. 
The experiment was carried out at temperatures between 100 and 400bar, at 
temperatures of 308, 318 and 328K. The light intensity through the cell was recorded 
at each temperature and pressure. Benzophenone and anthracene were employed as 
sensitisers, using ground state concentrations of 0.03 mol r' and 3.33 x 10"" mol r' in 
acetonitrile, respectively. 
The absorbance of the sample in the cell is required to calculate accurate singlet 
oxygen quantum yields. In order to obtain accurate absorbance measurements the 
geometry of the apparatus was altered several times. 
The original geometry of the apparatus, Figure 4.14, involved placing the optic fibre 
directly in front of the cell. Once the light intensity was recorded for acetonitrile, the 
sensitiser of interest was introduced into the cell and light intensity recorded at the 
starting temperature and pressure. The optic fibre was then replaced with the singlet 
oxygen detector and singlet oxygen phosphorescence was measured at the various 
temperatures and pressures. The cell was then cleaned with acetonitrile and the 
reference sensitiser introduced into the cell and singlet oxygen phosphorescence 
recorded. The singlet oxygen detector was then replaced with the optic fibre and the 
lamp intensity through the cell recorded at the final temperature and pressure. This 
methodology assumed the absorbance of both sensitizers remained constant with 
temperature and pressure, however, solubility experiments proved the absorbance did 
indeed change. As a result the geometry of the apparatus was altered, to allow 
absorbance measurements to be made at each temperature and pressure, Figure 4.15. 
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The second method involved placing a mirror in front of the singlet oxygen detector 
and using another sapphire window to direct light into the optic fibre, Figure 4.15. 
The neutral density filters were removed to increase the intensity of light going 
through the cell. The theory behind this methodology was that light coming through 
the cell would be reflected back through the cell by the mirror and directed onto the 
fibre by the sapphire window. The mirror was removed when recording singlet 
oxygen luminescence. It was assumed that light would be lost from the mirror and 
from the first sapphire window, but it was thought that enough would be reflected 
through to allow lamp spectra to be recorded. However, this was not the case and the 
intensity of light was not sufficient enough to be measured by the optic fibre. 
The final configuration involved positioning the optic fibre such that it was directed 
toward the singlet oxygen detector, Figure 4.16. The light intensity was recorded by 
placing filter paper in front ofthe detector to reflect the light coming through the cell, 
to be detected by the optic fibre. Again the filter was only in place during absorbance 
measurements. This methodology proved effective and hence this was the 
configuration adopted during singlet oxygen measurements. 
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Figure 4.16: Geometry of apparatus for measuring singlet oxygen decay 
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4.16 Fluorescence Quenching of Anthracene in SCF CO2 
(Transient Emission) 
The lamp intensity of the blank (acetonitrile) was recorded initially, the solvent was 
then removed and a solution of anthracene dissolved in acetonitrile (3.3 x 10-4 mol r1 
in SOml) was then introduced into the cell, Section 4.10. The desired concentration of 
oxygen was introduced into the cell and liquid carbon dioxide pumped into the cell, 
pressurised to 150bar and heated to the desired temperature to produce supercritical 
CO2. 
The lamp intensity and fluorescence spectra were recorded usmg the diode array 
detector, set to continuous collection, Figure 4.17. 
The experiment was carried out at a constant pressure of ISObar and at temperatures 
of 308K, 318K and 328K. 
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Figure 4.17: Geometry of apparatus for measuring anthracene fluorescence 
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4.17 Solubility Measurements in Supercritical Carbon Dioxide 
The lamp intensity of the blank (acetonitrile) was recorded initially, and was flushed 
out of the cell using carbon dioxide gas. Once the acetonitrile was removed, the 
solution of interest was introduced into the cell, as described in Section 4.10, and the 
solvent was removed by flushing a steady stream of carbon dioxide gas through the 
cell. Liquid carbon dioxide was then pumped into the cell to the initial pressure and 
the system heated to the desired temperature, the absorbance of the lamp through the 
cell was then recorded. 
The lamp intensity was recorded at temperatures of, 308, 318 and 328 Kelvin, and 
pressures of 100, 150,200,250 and 300bar. 
The geometry of apparatus for benzophenone and anthracene solubility measurements 
is shown in Figure 4.18. 
Chiller 
and 
circulator 
Gas 
mixer 
oven 
Sapphire 
Window Mirror 
Figure 4.18: Geometry of apparatus used in solubility experiments 
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4.18 Collection of Data from Laser Flash Photolysis 
When a transient absorption spectrum is recorded, it is necessary to look at both the 
emission and absorption changes due to the laser pulse at several monitoring 
wavelengths. To obtain a single trace four measurements need to be taken, these are 
listed below and a representation of the traces is shown in Figure 4.19. 
Topline: Neither of the shutters are open. This gives the signal with zero analysing 
light. 
Baseline: The arc lamp shutter is open and the solution is monitored in an unexcited 
state without any scattered light. 
Emission: The laser shutter is open but the arc lamp shutter is closed. This gives a 
trace of emission by the excited state and any scattered light. 
Absorption: Both the arc lamp and laser shutters are open. The arc lamp monitors the 
sample after the laser has excited it. This trace shows the absorption of the solution 
due to the excited species present. This trace may be negative which could be due 
either to loss of ground state molecules that absorb at this wavelength, or due to large 
emission by the excited state. 
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-.-.-.- Absorption 
-- Corrected trace 
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DeIaytime 
Figure 4.19: Traces recorded in flash photolysis measurements 
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The traces are then corrected, the corrected trace is obtained by using all four 
recorded traces as follows. 
~T(t) = 1 -
Transient absorption - Emission 
Baseline - Topline 
4.2 
The value of interest in these experiments is the change in absorption and this can be 
calculated according to the Beer-Lambert law, 
M(t) loglO 
Baseline - Topline 
4.3 
Transient absorption - Emission 
The transient decay traces are plotted as change in absorption versus time. The decay 
traces can be fitted with first order kinetics according to the following equation, 
Rate = A exp (-kt) 
or in cases where the decay trace had not returned to the initial point, a baseline is 
added changing the equation to, 
Rate = A exp (-kt) + C 
4.4 
4.5 
When an emission spectrum is recorded only two measurements need to be recorded, 
the emission and topline. Here the value of interest is the change in emission intensity, 
calculated using the following equation; 
~L (t) = Emission - Topline 4.6 
The decay traces are fitted with a single exponential, including a baseline, equation 
4.5. The emission intensity is obtained from the addition of the values of A and C. 
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4.19 Determination of Ground State Absorbance in Supercritical Cell 
The experimental data was initially normalised and absorption data were obtained 
from the following equation; 
Absorbance = lOglO 10 
I 
10 = Initial lamp intensity (acetonitrile only) 
I = Intensity of lamp (solute in cell) 
4.7 
Data was obtained at varying temperatures and pressures for both benzophenone and 
anthracene. The resulting concentrations were calculated using the Beer-Lambert law: 
A=Ecl 
Absorption co-efficient ofbenzophenone at 355nm: - 100 I mor l cm·I[I] 
Absorption co-efficient of anthracene at 355nm: - 6000 I mor l cm·I[2] 
Pathlength: 1 cm 
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4.8 
4.20 Calibration of Flow Meters and Gas Mixer 
A control experiment was carried out in order to ensure the oxygen concentrations 
determined from the flow meters and gas mixer were accurate. This involved 
determining the rate constant for the fluorescence quenching of 9,10-
dicyanoanthracene by molecular oxygen in supercritical carbon dioxide, of which the 
experimental rate constant has previously been reported!)] The methodology used has 
been described in Section 4.16. The experiment was carried out at 200bar and 308K. 
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Figure 4.20: Fluorescence spectrum 0'9, 10 DCNA at different oxygen concentrations 
in supercritical CO, 
From the fluorescence spectrum the peak intensities were plotted according to the 
Stem-Volmer equation; 
IJI = 1 + kqto [Q] 
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Figure 4.21: Stern-Volmer plot to determine quenching rate constant 
The gradient of the slope gives the quenching rate constant multiplied by the radiative 
lifetime, kq to, hence, the quenching rate was calculated by dividing the value of the 
gradient by the fluorescence lifetime. 
kq = 17.77 
15.8 x 10.9 
4.10 
The value of the lifetime (15.8 ns) was taken from that quoted previously in the 
literature by Okamoto et apl. 
The quenching rate constant was calculated as 1.12 x 109 I mol" s", which is in 
agreement with the literature value, which was calculated to be approximately 1.32 x 
I 09 I mol" s·, at 200bar. 
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Results and Discussion 
Chapter 5 
Oxygen Quenching of Triplet 
Benzophenone 
5.0 Oxygen Quenching of Benzophenone 
Benzophenone has been used extensively as a triplet photosensitiser, due to its 
relatively high triplet energy (287 kJ mor l ), which allows for extremely efficient, 
typically 100% energy transfer to occur between itself and compounds of lower 
energy. Energy transfer from the donor triplet benzophenone, to the acceptor 
molecular oxygen is a spin allowed process according to Wigner's spin rules. Energy 
transfer from benzophenone to oxygen can be represented as: 
5.1 
The triplet state of benzophenone is thus quenched by oxygen to produce the excited 
singlet state of oxygen, known as singlet oxygen, I ~g. 
5.1 Transient Emission Measurements 
The initial method used (see Section 4.12.1) to determine the quenching rate of 
benzophenone by molecular oxygen, involved measuring the quenching of 
phosphorescence spectra of benzophenone. 
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, 
Intersystem 
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Phosphorescence Conversion 
94.5 kJ mor l ! 
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Figure 5.1: Illustration of energy transfer to molecular oxygen from benzophenone 
triplet state 
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I~ + g 
With excitation at 355nm the peak emission intensity of benzophenone was seen 
predominantly at approximately 450nm in supercritical carbon dioxide, Figure 5.2. 
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Figure 5.2: Phosphorescence spectra of benzophenone at varying time delays 
following laser excitation at 3SSnm [Benzophenone] = 0.03 mol rl 
From the phosphorescence spectra the peak emission intensities are plotted versus 
time. Fitting the data with a single exponential, affords the observed rate of decay of 
benzophenone, Figure 5.3. 
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Figure 5.3: Benzophenone phosphorescence decay, peak intensities were taken 
from phosphorescence spectra in Figure 5.2 
The observed decay rate constant is then plotted against the concentration of oxygen 
and the quenching rate constant kq T can be found from the gradient according to the 
following equation. 
kobs = kd + kg T [Q] 5.2 
kobs = Rate constant in the presence of quencher 
kd = Decay rate constant in the absence of quencher 
kq T = Quenching rate constant 
[Ql = Concentration of quencher 
Subsequently, the experimentally determined quenching rate constants were found to 
be of the order of 108 I mor' s-', proceeding below the diffusion controlled limit, 
which is of the order of 1010 I mor' s-' in acetonitrile!'] It was expected that rate 
constants would be high in SCFs due to a lower fluid density relative to conventional 
solvents[I J. 
Unfortunately this methodology produced data with significant errors and as a result a 
different approach to measuring the quenching rate constants was adopted. 
127 
5.2 Transient Absorption Measurements 
Transient absorption spectroscopy was chosen for detennining the quenching rate of 
benzophenone by molecular oxygen. By selectively exciting benzophenone at 
increasing concentrations of oxygen, it was possible to record the transient absorption 
decay kinetics. 
Intersystem T 2 
crossing /-\ 
S, ___ ---'-- ~ Absorption 
_...:....1. ____ . 
Energy transfer 
'L + g 
Absorption Internal Conversion 1 '~ 
94.5 kJrnor l 
Benzophenone Oxygen 
Figure 5.4: Energy level diagram to show energy transfer to oxygen and absorption to the 
T, state 
The obtained decay traces were fitted with a first order exponential decay curve, and 
the observed rate of decay is given by the fitted parameter, Figure 5.5. 
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Figure 5.5: Transient decay of triplet benzophenone at 525nm following laser 
excitation at 355nrn [Benzophenone) = 0.03 mol r1 
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The quenching rate constant could therefore be calculated from a plot of the observed 
rate constant versus oxygen concentration (equation 5.2), the slope of which gives the 
rate of quenching, Figure 5.6. 
7000000 
6000000 
., 
III 
-
5000000 
-C (Fraction of oxygen) 
III 
-III C 4000000 0 
<.J 
Q) 
-~ 3000000 
"0 
Q) 0.25 
i:: 
Q) 
III 2000000 
.0 
0.15 
0 
1000000 
0.000 0.005 0.010 0.015 0.020 0.025 0.030 
[oxygen] / mol r' 
Figure 5.6: Quenching plot to obtain quenching rate constant for quenching of 
benzophenone triplet state by oxygen (200bar, 308K) 
The resulting quenching rate constants and corresponding decay rate constants are 
given in Tables 5.1 and 5.2, respectively. 
The obtained quenching rate constants appear to exhibit trends with both temperature 
and pressure. Results obtained are well below diffusion control, as found previously 
from the phosphorescence quenching experiments. Data obtained from transient 
absorption measurements is subject to fewer errors and therefore there is greater 
confidence in the absolute measurements. 
The decay rate constants (kd) obtained from extrapolation to the intercept are 
relatively small and hence the absolute errors are quite large. There are no significant 
trends, which may suggest there is little solvent quenching. Some of the values are 
negative which can be explained by the errors. 
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100%T (7mJ) 60%T (4.2mJ) 40% T (2.8mJ) 
Temperaturel Pressure kq T/lmorls·1 kq T/lmorls·1 kq T/lmorls·1 
K (bar) (x 108) (x 108) (x 108) 
100 2.50 2.48 2.48 
150 2.11 2.41 2.27 
308K 200 1.96 2.24 2.17 
250 1.76 2.20 2.01 
300 1.62 1.99 1.70 
100 1.63 1.60 1.59 
150 1.51 1.49 1.48 
318K 200 1.42 1.41 1.43 
250 1.23 1.35 1.35 
300 1.28 1.25 1.25 
100 1.17 1.22 1.13 
328K 
150 1.21 1.21 1.11 
200 1.03 1.10 1.11 
250 0.99 1.03 0.98 
300 0.98 0.97 0.98 
Error = ± 0.15 I morl S·I 
Table 5.1: Trends in quenching rate constants at various temperatures and pressures as 
a function oflaser energy 
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308K 
100%T 60%T 40%T 
Pressure k.J I S·l Error k.J/s·1 Error k.J/s·1 Error 
(bar) (x 105) (x 104) (x 105) (x 104) (x 105) (x 104) 
100 6.8 2. I 6.2 5.9 7.5 6.8 
150 -0.5 6.5 1.0 I.I 3.5 1.0 
200 0.9 0.8 3.4 0.9 3.5 1.2 
250 6.2 6.7 3.0 1.3 1.3 1.6 
300 6.6 2.7 6.8 2.6 5.4 3.4 
318K 
100 -0.4 5.7 -0.7 6.0 1.3 3.7 
150 1.6 1.4 0.8 3.6 -0.5 4.7 
200 2.9 4.4 0.7 2.6 0.8 0.7 
250 5.5 1.2 4.9 1.9 5.5 1.0 
300 2.1 3.5 4.5 3.7 3.5 3.6 
328K 
100 3.6 2.8 4.2 2.5 2.1 0.8 
150 7.1 0.7 6.4 1.2 5.1 1.0 
200 7.6 0.5 3.3 4.7 3.6 3.8 
250 7.8 0.4 7.3 0.5 5.6 0.6 
300 6.7 0.4 5.1 0.8 4.3 2.7 
Table 5.2: Decay rate constants of benzophenone triplet state and corresponding errors 
at various temperatures aud pressures as a fuuctiou of laser energies 
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5.3 Spin Statistical Factors 
In order to evaluate the data obtained it is necessary to consider the quenching 
mechanism. The experimentally determined rate constants were found to be between 
9.76 x 107 and 2.58 x 108 I mor l S·I over the entire temperature and pressure range. 
These values are well below one ninth of the diffusion controlled value suggested by 
spin statistical factors, Scheme 5.1. 
3M* +02~L~) 3/9Kdiff 3(3M* .. 02. 3Lg) k3E +02~Lg) (2) -----> os, M <---- ) 
k-diff 
3M*+02(3 Lg ) 
519kdiff ~ 
5(3M* .. 02. 3Lg) (3) E k-diff 
Scheme 5.1: Pathways for triplet quenching by oxygen according to Wigners spin rnlesl'l 
Where kdiff is the diffusion-controlled rate constant and k.diff is the unimolecular rate 
constant for separation of encounter pairs. 
Triplet benzophenone and molecular oxygen both have spin multiplicities of three, 
corresponding to the triplet state, hence both have a resultant spin quantum number of 
one. It follows that according to the spin statistical factors, for the case of two triplets 
there are nine possible encounter complexes; five quintet states, three triplet states and 
one singlet state, all of equal probability. If all three steps were occurring then the 
quenching rate constant would be equal to the diffusion controlled rate constant. For 
triplet-triplet encounters there are no spin allowed products for a quintet state, hence 
quenching proceeds via the singlet or triplet collision complexes. The maximum rate 
of formation of products kobs is 4/9 kdiff, proceeding either via energy transfer to 
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molecular oxygen producing singlet oxygen, or via intersystem crossing to the ground 
state (reactions I and 2 respectively, Scheme 5.1). 
One out of every nine collisions (reactions I a and I b) leads to the formation of a 
singlet complex, which decays via energy transfer reactions to give singlet ground 
state sensitiser and singlet oxygen. This is the more favourable route, since it is spin 
allowed and paramagnetically induced. Three out of every nine collisions results in 
the formation of a triplet complex (reaction 2) which decays to give triplet ground 
state products. The formation of products for the triplet state is spin allowed and 
reaction involves molecular oxygen in a purely catalytic role enhancing the 
intersystem crossing process kisc, by allowing electron spin to be conserved in the 
process(3). However, due to poor Franck-Condon factors this route is rendered less 
favourable, and the formation of products via the singlet state dominates. If the 
observed rate is lower than or equal to 119 kditT only reaction I occurs, i.e. production 
of singlet oxygen (I~g+ and I L\g), therefore the singlet oxygen quantum yield must be 
one, as this step leads solely to its formation, which is particularly true for compounds 
with high triplet energies. In Scheme 5.1 energy transfer which generates singlet 
oxygen competes with intersystem crossing to the ground state which results in both 
sensitiser and molecular oxygen in the ground state. 
kq T = ~iff ket + 
9 (kdiff + ket) 5.3 
Due to poor Franck-Condon factors, kisc has been shown to be about a factor 100-
1000 times lower than ke,.!3,12).This expression indicates that ifk,,» kdilTand kdilT» 
kisc the energy transfer mechanism will dominate; 
~iff 5.4 
-
9 
The measured rate constant for oxygen quenching of triplet states will then be equal to 
~ilT/ 9 in the absence of other paths of quenching. 
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Figure 5.7: Energy level diagram for quenching of benzophenone by oxygen via energy 
transfer to oxygen 3L.-, to produce the excited singlet states I",. and IL; 
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Previously, rates constants for quenching of triplet benzophenone by oxygen have 
been reported in a variety of solvents. 
kq T / I mor1 S-l Solvent 
3.0x 109 Benzene[4] 
0.99 x 109 Benzene vapour phase[S] 
2.3 x 109 Argon[6] 
2.1 x 109 Acetone[7] 
3.1 x 109 Acetonitrile[7] 
2.3 x 109 Methanol[7] 
2.2 x 109 Toluene[7] 
2.4 x 109 Benzene[7] 
1.45 x 109 CCIl] 
2.55 x 109 Ethanol[7] 
2.2x109 p-Dioxane[7] 
2.3 x 109 I-Propanol[7] 
2.25 x 109 I-Butanol[7] 
2.3 x 109 2-Butanol[7] 
3.84 x 109 Acetonitrile[8] 
3.50x109 Ethanol[8] 
2.11 x 109 Toluene[8] 
1.76 x 109 i-Octane[8] 
7.4 x 108 - 1.05 X 109 Supercritical Carbon Dioxide[9] 
1.7 x 109 CCllO] 
1.84 x 109 Benzene(ll] 
Table 5.3: Quenching rate constants reported previously for quenching of benzophenone 
by oxygen 
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Roberts et al. [9J obtained values of 7.4 x 108 - 1.05 X 109 in supercritical carbon 
dioxide which are below diffusion control. They investigated the effects of oxygen as 
a gaseous co-solvent, using methodology based on the integral equation theory. Their 
rate constants were found to increase slightly with pressure and were explained in 
terms of the transition state theory. They did not find any significant dependence on 
temperature, which is in contrast to this study and previous findings, specifically 
McLean and Rodgers[6J, which support a negative dependence on temperature for this 
reaction. 
5.4 Factors Affecting Quenching Rate 
Major factors which could affect the rate of quenching by oxygen in this investigation 
include; sensitiser triplet energy, participation of charge transfer states and the nature 
of solvent, which are discussed in the following sections. 
5.4.1 Triplet Energy 
It is possible to obtain a low quenching rate constant with high energy triplet states 
due to poor Franck-Condon factors. Benzophenone has a relatively high triplet energy 
of 287 kJ mor l (-69 kcal mor l ). In effect the rate of quenching is dependent on the 
excess energy, which is the energy remaining once energy transfer to oxygen has 
occurred. Kawaoka et al. [I2J derived equation 5.5 for the rate of internal conversion, 
from the initially formed electronically excited sensitiser oxygen complexes 1.3(TI32:) 
to the lower energy complexes I(Sol2:), I(SOIM, 3(So32:). 
5.5 
Where;F (dE) = Franck-Condon factor 
p (dE) = Density of final states which are nearly degenerate with initial states. 
(dE) = Excess energy (dE = ET - E~, ET - Et; and ET). 
fJ = Electronic coupling matrix element 
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The product F' (L\E) = P (L\E) F (L\E) is the Franck-Condon weighted density of states 
which decreases with increasing L\E at higher excess energies. If the initial and final 
vibrational states of the oxygen molecule differ by more than a few quanta, Franck-
Condon factors become extremely small and most of the vibrational energy goes into 
the molecule. 
I) Initial state: 
i) Donor molecule (D) in its lowest triplet state and acceptor molecule oxygen 
(A) in its triplet ground state. 
2) Intermediate state: 
i) Charge transfer state formed by the transfer of an electron from the donor to 
the ground state oxygen molecule. 
3) Final states: 
i) Donor in its ground state and oxygen in its excited singlet 1 Lg + state. 
ii) Donor in its ground singlet state and oxygen in its excited singlet 1 L\g state. 
iii) Both donor and oxygen in their ground electronic states. 
Hence, the variations in the Franck-Condon weighted density of states of the 
sensitiser, which decrease strongly with increasing excess energy for aromatic 
hydrocarbons, largely determine variations in ki/IJ]. Since the excess energy is the 
difference between the energy of singlet oxygen and the triplet energy of the 
sensitiser, rate constants for oxygen quenching of triplet states, should decrease with 
increasing triplet energy, due to poor Franck-Condon factors. Generally, the 
quenching rate has been reported as being maximal and constant for triplet energies of 
10,000cm-1 (-120kJmorl) < ET < 15,000cm'l (-180kJmor l), and decreases for 
aromatic hydrocarbons whose triplet energies are greater than 15,000cm·I[3]. 
Therefore, in non-polar solvents, for compounds where E T :5 15,000cm· l, kqT is - 1/9 
k.Iiff, while for compounds where ET > 15000cm·l, kqT is less than 1/9 kdifrand does not 
proceed at a diffusion controlled rate. 
Porter and co-workers[14] studied the rate of triplet quenching by oxygen in solution at 
room temperature. They postulated that for aromatic hydrocarbons of triplet energies 
between 30 kcal mor l (-126kJmor l) and 42 kcal mor l (-I 76kJmor l), the quenching 
constant was limited to one ninth of the diffusion controlled rate. However, they 
found that for aromatic hydrocarbons with a triplet energy greater than 42 kcal mOri, 
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the quenching rate constant was very much below 119 of the diffusion controlled rate. 
They rationalised this in terms of decreasing Franck-Condon factors as triplet energy 
is increased and hydrocarbon dependent symmetry factors, which effectively reduce 
the magnitude ofk.JifTwith respect to k-difT, Scheme 5.1. 
Grewer and Brauer[8] studied the oxygen quenching of triplet states, of singlet oxygen 
sensitizers in toluene. They obtained low quenching rate constants for triplet 
sensitizers with triplet energies greater than 21,000 cm-I, (benzophenone ET = 24,000 
cm-\ Okamoto et al. [15] also investigated the contribution of diffusion to quenching 
by molecular oxygen of triplet states and obtained low quenching rate constants for 
triplets with energies greater than 16,000 cm-I. Both groups attributed these trends to 
decreasing Franck-Condon factors. The energy of the benzophenone triplet state is 
287kJmorl, therefore Franck-Condon factors are poor, which in part explains the low 
quenching rate constants. 
5.4.2 Charge Transfer Interactions 
Charge transfer interactions can strongly influence the rate of quenching, particularly 
for sensitizers that are easily oxidizable. Gamer and Wilkinson[4] did not observe an 
inverse correlation between quenching rate constants and triplet energy (discussed in 
the previous section), they reported increased quenching rates for compounds with 
high triplet energies. This enhancement in the rate of quenching was attributed to the 
presence of charge transfer states, lying close to T I. Hence, an enhancement in the rate 
would not be observed if there were a large energy difference between energy of the 
transition state ECT and the triplet state T I. Abdel-Shafi and Wilkinson[l6] calculated 
ECT using the following equation; 
5.6 
Where F is Faradays constant, C relates to the electrostatic interaction energy and is a 
constant in a given solvent, Eox and E,ed are the oxidation and reduction potentials for 
the sensitiser and electron acceptor respectively, which correspond to values of2.74 Y 
and - 0.78 y[IO], for benzophenone and oxygen respectively. The energy of the charge 
transfer state of benzophenone corresponds to 336kJmorl, which is above the triplet 
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state of benzophenone, therefore quenching does not proceed through a charge 
transfer state. 
Wilkinson and Abdel_Shafi[l6,17) proposed competition between non charge transfer 
and charge transfer states assisted quenching with and without energy transfer, 
Scheme S.2. 
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Scheme 5.2: Pathways for quenching of triplet states by oxygen, including intersystem 
crossing between encounter complexes and charge transfer complexes 
Where ',3E and 1,3C represent the encounter J,3(M .. 02, 3Lg") and charge transfer 
J,3(MH .. O/,) complexes, and Jp and 3p represent the precursor/encounter complexes 
J(M ... 02*, J L'.g) and 3(M ... 302, 3Lg·) respectively. 
It is also necessary to consider the free energy for complete energy transfer L'.GCET as 
well as oxidation potential Eox, which can be calculated using the following 
equation[iO); 
5.7 
Eexc represents the sensitiser triplet energy. Compounds with high oxidation 
potentials will have higher L'.GCET values; when L'.GCET is high very little quenching 
proceeds via the charge transfer state. This results in relatively low quenching rate 
constants. According to the equation an increase in triplet energy results in an increase 
in the oxidizability of the excited complexes, consequently t.GCET values are low 
which leads to an increase in charge transfer interactions, which would result in 
higher kq T values. 
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Cebul et al. [5) also reported increases in the rate of quenching with increasing triplet 
energies. They attributed the increase to coupling of the initial state of the complex to 
the charge transfer state, despite the fact that ECT is far above ET and proposed that 
only partial charge separation exists in the complex. They represented the quenching 
mechanism by the following scheme. 
3C + 0 ~ [3(C* 0) ~ 3(C5+ 0 5-)* ---. 3(C 0 *)] isc C + 0 * ") 2+,- ,,2 +'- ... 2 ..- ... 2 -. 2 11 
Scheme 5.3: Possible pathways for quenching via charge transfer states 
Recently Mehrdad and co-workers[IO) obtained oxidation potentials for a series of 
ketones. Compounds were reported to have either no charge transfer (nCT) or partial 
charge transfer character (pCT). The degree of partial charge transfer interaction 
increased as l>GCET decreased, greater charge transfer interactions were observed with 
compounds with low oxidation potcntials, hence compounds which exhibit greater 
charge transfer interactions exhibited higher quenching rate constants. They quoted 
Eox and l>GCET for benzophenone as 2.74V and 49.0kJmor l , respectively. 
The low Eox value for benzophenone indicates some charge transfer interactions may 
be possible, however, the l>GCET value is quite large suggesting the quenching 
process proceeds mainly via the nCT channel. 
5.4.3 Solvent Effects 
The polarity of a solvent has been reported to affect quenching rate constants[8.16). 
Grewer and Brauer[8) reported that decreases in solvent polarity resulted in decreased 
quenching rate constants for both benzophenone and para-aminobenzophenone. 
Wilkinson and Abdel-Shafi observed similar trends for a series of biphenyl 
derivatives[16). In contrast, Darmanyan and Foote[7) reported that generally kq T values 
for carbonyls, including benzophenone are relatively independent of solvent polarity 
with few exceptions. 
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5.5 Pressure Effects on Quenching Rate Constants 
Rate constants were measured at pressures between 100 and 300bar at temperatures 
between 308 and 328 Kelvin. At constant temperature the quenching rate was 
observed to decrease with pressure, and there appears to be less of a dependence at 
higher temperatures, Figure 5.8. 
A negative pressure dependence is expected, since increasing pressure results in an 
increase in solvent viscosity which hinders the diffusion process. However, this trend 
becomes less apparent as the temperature is increased. This observation can be 
rationalised in terms of the equilibrium constant. Under diffusion controlled 
conditions the rate of formation of products greatly exceeds the rate of dissociation of 
the encounter complex, i.e. kp » k..ditf, and the rate of formation of the encounter 
complex is the rate determining step. 
5.8 
However, since the experimental quenching rate constants are more than a factor of 
10 below diffusion control, it can be said that the process in this case is in fact not 
diffusion controlled. Therefore, the rate does not depend entirely on the rate of 
encounter but on the equilibrium constant K for the formation of the encounter 
complex, kq = K kp, Under these conditions there is competition between the back 
reaction, dissociation back to reactants k..ditf, and the forward reaction kp, which leads 
to product formation. In this situation the rate of dissociation is the rate determining 
step and k.ditf » kp, and the reaction is considered to be in the pre-equilibrium region. 
As the temperature is increased the rate of the back reaction is increased and k..ditf 
becomes larger and therefore at higher temperatures the reaction occurs at a rate 
below diffusion control. Hence, at the higher temperature an explicit dependence on 
the solvent viscosity is not expected. 
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A reduction in the rate of quenching with increasing pressure IS expected since 
viscosity increases with pressure. 
On the basis ofthe Debye equation, a linear dependence with viscosity is not expected 
because the quenching process is not diffusion controlled, Figure 5.9. At higher 
pressures, between 200 and 300bar, the viscosity dependence is more pronounced 
than at lower pressures, which may be attributed to solvent quenching. 
At low pressures not only does the viscosity of carbon dioxide decrease, but the 
concentration of carbon dioxide also decreases, therefore there will be less of a 
contribution from quenching by carbon dioxide. At higher pressures the concentration 
of CO2 increases and therefore the benzophenone triplets are more likely to be subject 
to solvent quenching, resulting in a greater dependence on solvent viscosity at 
increasing pressures. 
Roberts et al. [I g) found that triplet benzophenone showed no measurable reactivity 
toward supercritical carbon dioxide. This was readily demonstrated by the observation 
of nearly identical lifetimes in nitrogen saturated and carbon dioxide saturated liquid 
acetonitrile. Results obtained from LFP experiments in high pressure carbon dioxide 
were remarkably similar to those obtained in aerated acetonitrile, indicating a lack of 
quenching by carbon dioxide. 
Reduced quenching rates at elevated pressures have also been reported by Okamoto et 
a/[15), on studying the contribution of diffusion to the process of quenching by 
oxygen, of five aromatic compounds in solution. In a separate study Okamoto and co-
workers[19) studied the quenching of 9-acetylanthracene in solution and again obtained 
a negative pressure dependence, they found the quenching rate decreased 
monotonically with increasing pressure, in both cases they rationalised this pressure 
effect in terms of increasing viscosity slowing diffusion, by retarding formation of the 
exciplex. 
Altering the pressure of the system does not appear to have any effect on the 
extrapolated decay rate constants (kd), Table 5.2, page 131. The 3D plots reveal the 
effects of pressure on the rate of quenching and the rate of decay, Figure 5. \0. 
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Figure 5.9: Effect of solvent viscosity on the quenching rate constant for 
quenching of benzophenone by oxygen at varying laser f1uences (308K) 
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5.6 Temperature Effect on Quenching Rate Constants 
Reaction rates were measured at temperatures between 308 and 328 Kelvin. The 
quenching rate constant exhibited a negative temperature dependence, along each 
isobar, Figure 5.11. 
2.6 
2 .4 
2.2 
2 .0 
1 .8 
1.6 
1.4 Quenching rate 110' I mor's·1 
1 .2 
Pressure I Bar 
Figure 5.11: Plot to illustrate effects of temperature and pressure on the 
quenching rate constant for quenching of benzopbenone by oxygen 
144 
It is well known that energy transfer to oxygen occurs via exciplex formation!3, 6, 20). 
The downward trend in the quenching rate as temperature is increased suggests 
formation of the exciplex may be exothermic and consequently reversible. The 
presence of an exothermic exciplex occurs when the energy of the triplet is higher 
than the energy of the exciplex. 
Obtaining a negative activation energy would confirm the presence of an exothermic 
exciplex. 
Activation energies were obtained from Arrhenius plots according to the following 
equation; 
Inkq T = In A - C i ) 
Where: kq T = Quenching rate constant (I mol'l S·I) 
A = Pre-exponential factor (I mol'l S·I) 
Ea = Activation energy (J mor l) 
R = Ideal gas constant (8.3145 J Kol mor l) 
T = Temperature (Kelvin) 
1 
T 
5.9 
The resulting activation energies obtained along different isobars are shown in Table 
5.4. There does not appear to be a significant trend with pressure, implying there is 
little pressure dependence on the activation energy, as expected. 
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Figure 5.12: Arrhenius plots as a function pressure to determine activation 
energies for the quenching of benzophenone by oxygen 
Pressure/bar Activation energy / 
kJmorJ 
100 -31.6 
150 -27.5 
200 -28.4 
250 -29.9 
300 -29.1 
Table 5.4: Activation energies as a function of pressure for the quenching of 
benzophenone by oxygen 
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Arrhenius plots, Figure 5.12, reveal apparent negative activation energies, which 
supports the postulate for exothermic exciplex formation. Apparent negative 
activation energies suggest the exciplex is of lower energy than the benzophenone 
triplet state. 
Consider the following diagram: 
lntersystem 
S, ~Sing 
Dissociation 
T, 
Absorption 
EXC~ ___ --'--___ _ 
'T,' 
Products 
So 
Figure 5.13: Diagram illustrating formation and dissociation pathways for the 
benzophenone-oxygen exciplex 
At lower temperatures the exciplex does not have sufficient energy to dissociate and 
revert back to the T I state, therefore complete quenching is observed. However, as the 
temperature is increased the exciplex may possess sufficient energy for dissociation 
allowing reversion back to the T I state and hence a slower rate of quenching is 
observed. On returning to the triplet state, deactivation may take place via quenching, 
triplet-triplet annihilation and intrinsic decay. 
Employing a compound which possesses a triplet state of lower energy CT I ') than the 
exciplex, could result in the formation of an endothermic exciplex. Under these 
conditions a positive activation energy may be obtained and therefore an increase in 
temperature would result in an increase in the quenching rate constant. 
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Cebul et al. [51 initially measured the temperature dependence on the rate constant for 
quenching of the triplet states of several ketones by molecular oxygen, in the gas 
phase. In the temperature region of 260-360K, they obtained a negative activation 
energy of approximately -7.5kJmor1. The slopes of Arrhenius plots were found to be 
almost identical for several ketones. McLean and Rodgers observed similar behaviour 
when investigating the oxygen quenching of benzophenone in solution[61. They 
carried out a series of variable temperature studies and postulated the presence of a 
negative activation energy, associated with such a complex, provides evidence for 
exciplex involvement. At lower temperatures the activation energy is positive, 
however, at high temperatures Arrhenius plots exhibit curvature, at approximately 
290K, Figure 5.14, indicating a change in the rate determining step. 
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Figure 5.14: Arrheuius plot for the quenching of triplet benzophenone by oxygen 
(Data taken from reference 6) 
This ultimately confirms the involvement of a reversible exciplex in the quenching of 
triplet states by ground state oxygen eLg} This behaviour was discussed in terms of 
a switch from pre-equilibrium to diffusion control as the temperature was reduced. 
Interestingly, studies performed by McLean and Rodgers on the quenching of 
naphthalene in several solvents revealed slightly positive activation energies in n-
hexane and methylcyclohexane but negative activation energies in acetone, 
acetonitrile and toluene, where negative activation energies were explained in terms 
of the formation of exciplexes[211. 
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5.7 Repeated Oxygen Quenching Data 
Trends in the decay rate constants, k.J, may also assist in explaining the attainment of 
such low quenching rate constants. The extrapolated decay rate constants in this case 
represent decay from the triplet excited state to the singlet ground state, in the absence 
of oxygen, facilitated by phosphorescence and intersystem crossing. Both of these 
processes require a spin inversion and therefore the transition is forbidden. The decay 
constants were obtained by extrapolation to the intercept on the oxygen quenching 
plots, (Table 5.2, page 131). However, these values do not appear to demonstrate any 
significant trends and the errors are relatively large. In view of this the oxygen 
quenching experiments were repeated and these data are shown in Table 5.5. 
308K 100%T 60%T 40%T 
Pressure kq T (x lOB) k.t (x 105) kq T (x lOB) k.t (x 105) kqT(X lOB) k.J (x 105) 
(bar) 
150 l.60 3.58 l.54 3.25 l.53 3.27 
200 l.55 l.73 l.48 6.94 l.49 3.19 
250 1.53 4.59 l.42 2.86 l.43 4.62 
318K 100%T 60%T 40%T 
Pressure kq T (x lOB) k.t (x 105) kq T (x loB) k.t (x 105) kq T (x lOB) k.J (x 105) 
(bar) 
150 0.94 l.94 1.10 3.19 l.00 3.42 
200 0.89 6.62 0.92 2.99 0.90 5.95 
250 0.85 5.64 0.91 5.36 0.89 3.97 
Table 5.5: Repeated quencbing rate constants for quenching of triplet benzopbenone by 
oxygen and extrapolated triplet decay rate constants for benzophenone 
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Quenching rates between 8.52 x 107 and 1.60 x 108 I mort s" were obtained, the rate 
constants exhibited the same trends with temperature and pressure as found 
previously. The rates obtained here are slightly lower, explained by the experimental 
error. 
The decay rate constants (I<.!) were all found to be of the order of lOs s", and do not 
appear to exhibit any specific temperature or pressure dependence. The corresponding 
lifetimes range from 1.44 to 5.78 IlS, Table 5.6. 
Pressure k.t 1 s" t/s k.t 1 s" t/s k.t 1 s" t/s 
(bar) (x 105) (x 10-6) (x 105) (x 10-6) (x 105) (x 10.6) 
308K 150 3.58 2.79 3.25 3.08 3.27 3.06 
200 1.73 5.78 6.94 1.44 3.19 3.13 
250 4.59 2.18 2.86 3.50 4.62 2.16 
318K 150 1.94 5.15 3.19 3.13 3.42 2.92 
200 6.62 1.51 2.99 3.34 5.95 1.68 
250 5.64 1.77 5.36 1.87 3.97 2.52 
Table 5.6: Decay rate constants and corresponding lifetimes of benzophenone 
triplet state 
The lifetime values obtained here are shorter than those in the literature value for the 
lifetime ofbenzophenone, which is approximately 6.9 microseconds in benzene[221. 
In order to ascertain the effects of temperature and pressure on kd alone, it was 
necessary to investigate the decay rate constants in the absence of oxygen. 
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5.8 Decay of Triplet Benzophenone in Supercritical Carbon Dioxide 
The decay rate constants were obtained in supercritical carbon dioxide as a function 
of pressure and temperature in the absence of oxygen. 
Equation 5.10 shows the individual rate constants that comprise the observed rate 
constant for triplet benzophenone. 
kq T [02] = Quenching rate constant due to oxygen 
kq os [BZP] = Ground state / self quenching rate constant 
kTTA [T]2= Rate ofbenzophenone triplet-triplet annihilation 
kq CO2 [C02] = Quenching due to carbon dioxide 
Experiments were performed at varying benzophenone concentrations. At low laser 
fluence and at low concentrations of benzophenone the terms relating to triplet-triplet 
annihilation and quenching by ground state benzophenone can be ignored. Since, 
previous studies[l8] have shown carbon dioxide has no significant effect on the rate 
constant, the term relating to quenching by the solvent is also eliminated. The 
observed rate constant should then be equal to the intrinsic decay rate constant. 
5.11 
The experimentally determined observed rate constants were found to be of the order 
of 105 sol (Table 5.7 and Figures 5.15-5.16). The lifetime of the benzophenone triplet 
state in a benzene is 6.9 microseconds[22] which corresponds to a decay rate constant 
of approximately 1.45 x 105 sol. At the higher concentration of benzophenone decay 
rate constants range from 7.5 x 105 to 5.4 X 105 sol, the rate decreases with pressure 
and increases with temperature, which indicates that other deactivation processes may 
be occurring. However, at low laser fluence and at low concentrations rate constants 
range between 4.5 x 105 to 3.0 X 105 S·l, there does not appear to be significant trends 
with pressure or temperature, which is expected as the intrinsic decay is not a density 
dependent process. 
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CBZP ground state absorbance = 3.0) 100% Transmission 
Pressure 308K 318K 328K 
100 7.2 7.3 7.5 
150 6.5 6.3 6.9 
200 6.0 6.1 6.3 
250 5.6 5.5 6.1 
300 5.4 5.4 5.8 
CBZP ground state absorbance = 3.0) 45% Transmission 
Pressure 308K 318K 328K 
100 3.1 3.3 3.1 
150 3.8 3.6 3.5 
200 3.7 3.9 3.8 
250 3.9 3.6 3.6 
300 3.8 3.7 3.5 
CBZP ground state absorbance = 2.0) 100% Transmission 
Pressure 308K 318K 328K 
100 3.7 4.0 3.8 
150 3.9 4.3 4.4 
200 4.2 4.5 4.5 
250 4.5 4.2 4.4 
300 3.8 4.4 3.7 
CBZP ground state absorbance = 1.0) 100% Transmission 
Pressure 308K 318K 328K 
100 3.2 3.0 3.0 
150 3.4 3.3 3.5 
200 3.4 3.6 3.1 
250 3.8 3.4 3.3 
300 3.2 3.1 3.5 
Table 5.7: Observed rate constants Cx 10' S·I) obtained for different concentrations of 
benzophenone 
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The temperature dependence at the higher benzophenone concentrations suggests that 
second order processes (triplet-triplet annihilation) could be competing with the 
intrinsic decay constant. Consequently, decay traces obtained for the highest 
benzophenone concentration were fitted with mixed first and second order kinetics, 
from these fits k\ and k2 were obtained. k\ represents the intrinsic decay rate constant 
which arises from intersystem crossing and phosphorescence. k2 represents second 
order kinetics from triplet-triplet annihilation, kTTA. However, k2 does not relate 
directly to kTTA, but it is possible to obtain the rate of triplet-triplet annihilation from 
this value. 
Consider the following: 
d[T] 
= kTTA [Tf 
dt 
and 
A=E[T]I therefore, [T] A -
El 
hence, d(A / E I) 
kITA C~l)' dt 
E and I are both constants therefore; 
1 
El 
d[A] 
dt 
_ (~)2 kTTA [A]2 \.E 1 
= 
d[A] 
dt 
Therefore k2 x El = kTT A 
I = Pathlength 1 cm 
E = Extinction co-efficient 7220 I mor\ cm'\ at 355nrn(23) 
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5.13 
5.14 
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5.8.1 k2 (Triplet-Triplet Annihilation) 
Triplet-triplet annihilation occurs when two triplets collide resulting in the re-
distribution of energy, (via an entity X, Figure 5.17), where one triplet is promoted to 
the singlet excited state and the other loses its energy to decay back down to the 
ground state. Once in the excited singlet state (S,), emission occurs with the same rate 
constant as prompt fluorescence. 
Intersystem Crossinjl; 
X 
Fluorescence 
Internal Conversion 
So 
Figure 5.17: Diagram to illustrate the process of triplet-triplet anuihilation 
Triplet-triplet annihilation can be described by the following equation, 
BZP*(T,) + BZP*(T,) -. BZP(So) + BZP*(S,) ..... 2BZP(So) + hVf 5.17 
The reaction is considered to occur with a rate constant ~iff to form an encounter 
complex (AA), which may either proceed to form products (P) or diffuse apart. 
~itl 
A+A ~ • 
k..diff 
kp 
(AA) ~ P 5.18 
Triplet-triplet annihilation is a simple well characterised reaction and is known to 
proceed via pure diffusion controlled bimolecular activity that adheres to simple 
diffusion models in normal liquidsI25.261, and the rate constants obtained here, which 
are of the order of 109 1 mor' s" reflect this, Table 5.8 and Figures 5.18-5.19. 
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308K 
318K 
328K 
Pressure/bar k2 S-I (x 106) kTIA I morls-I (x 109) 
100 J.l2 8.12 
150 1.08 7.78 
200 1.01 7.28 
250 0.92 6.67 
300 0.84 6.06 
Pressurelbar k2 S-I (x 106) kTIA I morls-I (x 109) 
100 J.l6 8.38 
150 1.11 7.98 
200 1.02 7.39 
250 0.98 7.08 
300 0.87 6.25 
Pressurelbar k2 S-I (x 106) kTIA I morls-I (x 109) 
100 1.22 8.81 
150 1.16 8.39 
200 1.05 7.61 
250 1.02 7.35 
300 0.88 6.38 
Table 5.8: Rate constants obtained from the second order component k" of 
mixed first and second order fits and subsequent triplet-triplet annihilation rate 
constants 
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The rate constants exhibit both a temperature and pressure dependence. An increase in 
pressure appears to result in a decrease in the rate constant, which is expected for a 
diffusion controlled process, since diffusion is density dependent. The rate of TT A 
generally increases with temperature and this may also be attributed to a reduction in 
density as temperature is increased. This is consistent with studies performed 
previously on benzophenone in supercritical carbon dioxide(261. 
Diffusion controlled rate constants can be calculated at each ofthe experimental 
temperatures and pressures, by applying the Debye equation; 
kdiff ~ 8RT 103 
\ 3rt 
Where 1/ is the viscosity of the solvent. 
5.19 
Plots of the rate of TT A versus the reciprocal of viscosity do not show a linear 
dependence, the viscosity appears to have more of an effect at higher pressures, which 
suggests that there may be an element of quenching by the solvent, Figure 5.19. 
From the Debye equation the calculated diffusion rate constants were of the order of 
1010 I mor l S·I, Table 5.9. 
k.iiff (x 1010) 1 mOrl S·I 
Pressure 308K 318K 328K /bar 
100 5.18 5.82 6.00 
150 2.78 3.40 3.50 
200 2.45 2.88 2.97 
250 2.23 2.58 2.66 
300 2.07 2.37 2.44 
Table 5.9: Calculated diffusion controlled rate constants for triplet-triplet 
annihilation 
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To determine the fraction that is diffusion controlled spin statistical factors should be 
considered. 
'19 k..!ilT 
'(AA)** 
3A * + 3A* 
3/9 
3(AA)** 
% 
5(AA)** 
Scheme 5.4: Possible pathways for triplet-triplet encounters 
Each triplet-triplet encounter produces one of nine spin states with equal probability: 
five quintets \AA)**, three triplets, \AA)**, and one singlet, '(AA)**. The double 
asterisks indicate that initially the states possess the energy of two monomer triplets. 
Each may undergo rapid internal conversion to give lowest energy states, designated 
\AA)*, 3(AA)*, '(AA)*, from which further decay or dissociation occurs[25] 
According to the spin statistics experimental rate constants should be approximately 
one ninth of the diffusion controlled rate constant, however, the obtained rate 
constants appear to be greater, Table 5.10. Saltiel et af. (25) suggested a fraction of the 
quintet state also leads to delayed fluorescence. They proposed that' A * is generated 
via intersystem crossing from 5(AA)* to the dissociative eximer state '(AA)*. 
IM<dilT (x 109) I morl S·I 
Pressure 308K 318K 328K 
!bar 
100 5.76 6.47 6.67 
150 3.09 3.78 3.89 
200 2.72 3.20 3.30 
250 2.48 2.87 2.96 
300 2.30 2.63 2.71 
Table 5.10: one ninth of the diffusion coutrolled rate constant at various temperatures 
and pressures 
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kTTA I k.tifT I mOrl S-I 
Pressure 308K 318K 328K !bar 
100 0.16 0.14 0.15 
150 0.28 0.23 0.24 
200 0.30 0.26 0.26 
250 0.30 0.27 0.28 
300 0.29 0.26 0.26 
Table 5.11: Measured rate constants as a fraction of the calculated diffusion 
controlled rate constants (1/9 k..;(f- 0.11) 
The rate constants obtained for triplet-triplet annihilation are greater than one ninth of 
the diffusion controlled rate constant, Table 5.11. High rate constants have previously 
been reported as being higher than suggested by spin statistical factors[26.27]. Roberts 
et al[26] reported values between 3.4 x 1010 and 1.4 x lOll I mor l S-I at 308K, for 
triplet-triplet annihilation of benzophenone in supercritical carbon dioxide. They 
obtained values approaching % of the diffusion controlled rate constant. Rates of 
TT A were also shown to decrease with increasing temperature and decrease slightly 
with pressure, kTTA values were found to be significantly higher in the compressible 
region approaching the critical point. 
On investigating the effects of the supercritical water environment on the TT A rate 
constant of anthracene, Chataeuneuf et al. [27] also found the reaction rates occurred 
slightly above the diffusion controlled limit predicted by the Stokes-Einstein based 
Debye equation, when the correct spin statistical factors were taken into account. 
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5.8.2 k, (Intersystem Crossing and Phosphorescence) 
From fitting the decay rate constants with mixed first and second order kinetics, the 
first order component kJ, relates to the intrinsic decay rate of the triplet, which occurs 
via intersystem crossing to the singlet ground state and phosphorescence. The 
corresponding rate constants are given in Table 5.12. 
308K 318K 328K 
Pressurelbar k,(x 105) k,(x 105) k,(x 105) 
100 0.97 1.02 l.ll 
150 0.74 0.79 0.86 
200 0.78 0.77 0.88 
250 0.75 0.83 0.85 
300 0.65 0.81 0.81 
Table 5.12: Effects oftemperature and pressure on k, (rate of internal conversion and 
phosphorescence) 
The rate constants range from 0.65 to 1.11 x 105 s·', these values are lower than the 
literature value which corresponds to a decay rate constant of 1.45 x !OS s·' in 
solutionl221 • These k, values are also lower than the decay rate constants extrapolated 
from the quenching plots, Table 5.2 and 5.3 and the observed rate constants given in 
Table 5.7, which could be due to the exclusion of the effects from triplet-triplet 
annihilation. However, it is envisaged that this is largely due to the error of fitting 
with mixed first and second order kinetics. 
Increasing the pressure of the system appears to cause a small decrease in the rate 
constants from 100 to 150bar, however, any further increases in pressure do not have 
a significant effect. Increasing the temperature appears to result in an increase in the 
rate constants, along each isobar, Figures 5.20 and 5.21. There are not expected to be 
any trends with temperature and pressure, which indicates there may be another 
contribution from quenching by benzophenone ground state, hence it is necessary to 
investigate the ground state quenching constant separately. 
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Figure 5.20: Effect of pressure on kJ (rate of internal conversion and phosphorescence) 
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Figure 5.21: Effect of temperature on kJ (rate of internal conversion and phosphorescence) 
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5.9 Quenching by Benzophenone Ground State 
Another possible contribution to the decay rate constants in these experiments is 
quenching by benzophenone ground state or self quenching. 
This is the quenching of an excited state atom or molecular entity by interaction with 
another atom or molecular entity of the same species in the ground state. 
--.~ So + So 5.20 
A molecule in an excited triplet state has more energy than in the ground state, but it 
is able to occupy a high vibrational level associated with the ground state, Figure 
5.22. The ground state molecule may also occupy the same vibrational level and can 
cause the molecule in the triplet state to give up its energy via collisional quenching, 
thus causing it to return to the ground state. 
--..;;,0--T1 
• 
Molecule 1 
• 
80--....:.0,---
Molecule 2 
Figure 5.22: Diagram illustrating the concept of ground state quenching 
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The probability of this transition is less likely than a singlet excited state deactivation 
by the ground state because a spin inversion is required to return to the singlet ground 
state. 
In order to study the ground state quenching rate, all other possible processes of 
deactivation of the triplet state must be eliminated. 
Under normal conditions in the absence of oxygen, and at low laser fluence the 
possible pathways available for deactivation of the triplet state can be described by 
equation 5.10, page 151. 
At lower laser fluence second order effects are eliminated and the following equation 
applies; 
k = k + kG'S[BZP] + kC02[CO ] 
obs d q q 2 5.21 
5.9.1 Ground State Quenching in Solution 
Initially the ground state quenching constant was investigated in solution, SlDce 
solvent quenching is constant in solution the following equation applies; 
k = k + kG.S [BZP] 
obs d q 5.22 
To ensure there was absolutely no quenching by oxygen, the cell containing the 
benzophenone solution was completely evacuated of oxygen using the technique of 
freeze-pump-thaw, prior to the experiment. 
The lifetime ('to) of benzophenone triplet state was obtained as a function of laser 
energy using varying concentrations of the solute, benzophenone, Figure 5.23. 
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From the reciprocal ofthe lifetime it is possible to obtain the observed rate constant. 
kobs = 1 
'to 
5.23 
Fitting plots of the observed rate constant versus laser energy with a straight line, 
allows one to obtain the decay rate constant at zero laser energy, via extrapolation to 
the intercept, Figure 5.23. The extrapolated decay rate constant was then plotted 
versus benzophenone concentration, the ground state quenching rate constant was 
obtained from the slope, Figure 5.24. 
The concentration of benzophenone was obtained from the ground state absorbance 
using the Beer-Lambert law; 
c -
A = Absorbance 
A 
El 
E = Molar absorption co-efficient (I mol" cm") 
c = Concentration (moll") 
I = Pathlength (cm) 
5.24 
The experimentally determined lifetimes and corresponding rate constants are shown 
in Table 5.13. 
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BZP Laser Laser Energy Lifetime/s 
kob,/S·l (x 105) Absorbance Transmission % (mJ) (x 10.6) 
0.05 1.8 0.36 NIA N/A 
3.4 0.68 19.9 0.50 
5.6 1.12 15.7 0.64 
8.3 1.66 13.3 0.75 
12.0 2.40 12.5 0.80 
1.8 0.36 15.3 0.65 
3.4 0.68 12.3 0.81 
0.1 5.6 1.12 10.2 0.99 
8.3 1.66 9.1 1.09 
12.0 2.40 8.1 1.23 
1.8 0.36 13.7 0.73 
3.4 0.68 11.4 0.88 
0.2 5.6 1.12 9.7 1.04 
8.3 1.66 8.1 1.24 
12.0 2.40 7.7 1.30 
1.8 0.36 12.4 0.81 
3.4 0.68 9.4 1.07 
0.3 5.6 1.12 8.1 1.23 
8.3 1.66 7.1 1.41 
12.0 2.40 6.5 1.53 
1.8 0.36 9.3 1.07 
3.4 0.68 8.4 1.19 
0.6 5.6 1.12 6.7 1.48 
8.3 1.66 5.7 1.77 
12.0 2.40 5.0 1.99 
Table 5.13: Lifetimes of benzophenone triplet state in acetonitrile obtained 
following laser excitation at 355nm 
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Figure 5.24: Plot to determine the quenching constant for the quenching of 
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The ground state quenching rate constant was found to be 5.84 x )06 I mor l S·I in 
acetonitrile. The lifetime of benzophenone in acetonitrile, according to the literature 
value is 50 microseconds[241. The experimentally obtained lifetimes are between 5 and 
20 microseconds, Table 5.13, which are in reasonable agreement with the literature 
values. 
Since this value is merely the rate of ground state quenching in solution, the next step 
in this investigation was to obtain the ground state quenching constant in supercritical 
carbon dioxide. 
5.9.2 Ground State Quenching in Supercritical Carbon Dioxide 
Ground state quenching in supercritical carbon dioxide was achieved by measuring 
the observed rate constant in carbon dioxide as a function of laser energy, for varying 
concentrations of benzophenone. 
From plots ofkobs versus laser energy, kd values were extrapolated from the intercept. 
These values represent the rate constant at zero laser energy and hence no second 
order effects will be present. These values were then plotted versus the concentration 
of benzophenone, according to equation 5.22, and as before the ground state 
quenching constant was obtained from the gradient, Table 5.14. The intrinsic decay 
rate constant was obtained from the intercept, Table 5.15. 
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kq G.S (l mor l S·I) 
Pressure / bar 308K 318K 328K 
100 1.50 x 106 2.15 X 106 3.30x 106 
150 1.55 x 106 2.10 X 106 2.90 X 106 
200 1.45 X 106 1.80 x 106 2.50 x 106 
250 1.25 x 106 1.50 X 106 2.20 X 106 
300 1.00 X 106 1.35 x 106 2.00 X 106 
Table 5.14: Ground state quenching rate constants for benzophenone in 
supercritical CO, 
308K 318K 328K 
Pressure / kt (S'I) 'to (IlS) kd (S·I) 'to (IlS) kd (S·I) 'to (IlS) bar 
100 2.03 x 105 4.93 2.06 x 105 4.85 2.01 x 105 4.98 
150 2.00 x 105 5.00 1.96 x 105 5.10 2.06 x 105 4.85 
200 2.07 x 105 4.83 2.05 x 105 4.88 1.97 x 105 5.08 
250 2.00 x 105 5.00 1.94 x 105 5.15 1.96 x 105 5.10 
300 1.98 x 105 5.05 1.98 x 105 4.83 2.09 x 105 4.78 
Table 5.15: Intrinsic decay rate constants and corresponding lifetimes 
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In supercritical carbon dioxide the ground state quenching constants ranged from 1.0 
to 3.3 X 106 I mor l S·I, in accordance with those obtained in acetonitrile which are also 
of the order of 106 I mor l S·I. The rate constants obtained in acetonitrile are slightly 
faster, which may be due to the fact that acetonitrile is a polar solvent and reactions in 
polar solvents have been reported to exhibit comparatively faster rate 
constants[8,16,17,28J. 
Ground state quenching constants are not expected to be very high due to the nature 
of the transition. Consider the spin transition rules, which state spin must be 
conserved. The transition under consideration is from the triplet excited state (T I) of 
benzophenone to its ground state (So), via coIIisional quenching and involves a spin 
inversion. The transition is therefore spin forbidden and the probability of the 
transition occurring is low. Franck-Condon factors are poor, a high triplet energy 
reduces the probability of ground state and triplet state molecules occupying the same 
vibrational level and consequently quenching rates are low. 
The ground state quenching constants appear to exhibit a positive temperature and a 
negative pressure dependence, which is expected since this a diffusional process, and 
solvent viscosity decreases with increasing temperature and increases with increasing 
pressure. 
The extrapolated decay rate constants do not appear to exhibit either a temperature or 
pressure dependence which is expected, since the decay constant is not density 
dependent. Lifetimes were calculated from the reciprocal of the decay rate constants, 
and ranged from 4.78 to 5. I 5 microseconds. This value is consistent with the literature 
value for the lifetime of benzophenone in a non-polar solvent, which is 6.9 
microseconds[221. The values obtained here are consistent with those given in Tables 
5.6 and 5.7 (excluding results obtained at an absorbance on.O). 
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5.10 Conclusions 
Quenching rate constants obtained for the quenching of benzophenone by oxygen 
were below one ninth of the diffusion controlled limit, suggesting the process was not 
fully diffusion controlled. Low quenching rates were rationalised in part in terms of 
the high triplet energy of benzophenone, since high energy triplet states have poor 
Franck Condon factors. The quenching rate constants were found to exhibit a 
negative temperature dependence, rationalised in terms of exciplex formation which is 
reversible and exothermic. Arrhenius plots revealed negative activation energies, 
which support a postulate for formation of an exothermic exciplex. The rate of 
quenching appeared to decrease with an increase in pressure, which is explained in 
terms of increasing solvent viscosity reducing the rate of diffusion. This could also 
suggest that solvent quenching does not occur since the concentration of CO2 
increases with pressure and would result in an increase in kqT. Plots ofkqT versus the 
reciprocal of viscosity, did not exhibit a linear dependence. The effect of viscosity 
appeared to be more pronounced at the higher pressures, which is may be due to 
quenching by carbon dioxide, the effect is less obvious at lower pressures since the 
concentration of CO2 is lower. 
Decay rate constants for benzophenone were obtained in the absence of oxygen, a 
temperature and pressure dependence was observed at high triplet concentrations, 
attributed to second order components. Consequently, the quenching rates obtained 
from the highest benzophenone concentration were refitted with mixed first and 
second order decay kinetics. The rates of triplet-triplet annihilation, kTTA, were 
extrapolated from k2 and found to be faster than one ninth of the diffusion controlled 
limit suggested by spin statistics, explained in part by intersystem crossing between 
the quintet and singlet encounter complexes. The rates were found to increase with 
increasing temperature, it was thought that this may be due to a decrease in fluid 
density as temperature increases. A negative pressure dependence was observed, 
explained again in terms of increasing viscosity causing a slower diffusion rate. Plots 
of kTTA versus 1/11, exhibited a non linear dependence at low pressures, but showed 
some linearity at higher pressures, again suggesting there may be a contribution from 
quenching by the solvent. 
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In solution the benzophenone ground state quenching constant was found to be 5.84 x 
106 I mor' s·'. Lifetimes ofbenzophenone triplet state in solution were found to be in 
agreement with the literature value in acetonitrile. In supercritical carbon dioxide the 
ground state quenching constant values ranged from 1.0 to 3.3 x 106 I mor' s·'. The 
extrapolated decay rate constants ranged from 1.96 to 2.09 x 105 s·, corresponding to 
lifetimes between 4.78 to 5.15 microseconds, consistent with the literature value, 
which is 6.9 microseconds in benzene. 
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Results and Discussion 
Chapter 6 
Solubility of Benzophenone and 
Anthracene 
6.0 Solubility Measurements 
Experiments were carried out to investigate whether the solubility of solutes, in 
supercritical carbon dioxide altered in the cell with temperature and pressure. To 
obtain solubility data, the methodology employed involved measuring the absorbance 
of the solutes in the cell, which was achieved by measuring the light intensity through 
the cell using an arc lamp. This was carried out at varying temperatures and pressures. 
The mole fractions of the compounds were calculated using the following equation[l]: 
n· 
X . = J J --
Where: Xj = Mole fraction of component j 
nj = Number of moles of j 
n = Total number of moles 
n 6.1 
The number of moles of carbon dioxide at each temperature and pressure was 
calculated according to equation 6.2. 
Where: p = Density (g cm,3) 
V = Volume (cm3) 
n - pV 
Mr 
M, = Molecular mass (g mol") 
175 
6.2 
6.1 Solubility of Benzophenone 
The absorbance of benzophenone exhibited both a temperature and a pressure 
dependence, Figure 6.1. Experiments were performed along isotherms of 308, 318 
and 328 Kelvin, at increasing pressures (Tables 6.1 to 6.3). The experiments were 
performed at concentrations of 0.01,0.02 and 0.03 mol ri, corresponding to ground 
state absorbances of 1.0, 2.0 and 3.0 at 355nm, respectively (measured in acetonitrile). 
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Absorbances 
Pressure / bar 
308K 318K 328K 
100 0.516 0.578 0.210 
150 0.549 0.495 0.307 
200 0.558 0.487 0.300 
250 0.536 0.427 0.342 
300 0.561 0.468 0.338 
Concentrations 
Pressure / bar 308K 318K 328K 
100 5.16 x 10.3 5.78 x 10.3 2.IOx 10.3 
150 5.49 x 10.3 4.95 X 10.3 3.07 X 10.3 
200 5.58 X 10.3 4.87 X 10.3 3.00 X 10.3 
250 5.36 x 10.3 4.27 X 10.3 3.42 X 10-3 
300 5.61 X 10-3 4.68 X 10-3 3.38x 10-3 
Mole Fractions 
Pressure / bar 308K 318K 328K 
100 3.18xI0-4 3.66 x 10-4 2.83 X 10-4 
150 2.96 x 10-4 2.93 X 10-4 2.06 X 10-4 
200 2.83 x 10-4 2.63 X 10-4 1.75 x 10-4 
250 2.61 X 10-4 2.19xI0-4 1.85 x 10-4 
300 2.65 X 10-4 2.31 X 10-4 1.75 X 10-4 
Table 6.1: Effect of pressure on solubility (BZP absorbance in solution= 1.0) 
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Absorbances 
Pressure I bar 308K 318K 328K 
100 0.838 0.578 0.374 
150 0.867 0.658 0.452 
200 0.862 0.662 0.513 
250 0.863 0.695 0.512 
300 0.891 0.72 0.543 
Concentrations 
Pressure I bar 308K 318K 328K 
100 8.38 x 10.3 5.78 X 10.3 3.74 X 10.3 
150 8.67 x 10.3 6.58 X 10.3 4.52 X 1003 
200 8.62 X 1003 6.62 X 10.3 5.13 X 1003 
250 8.63 x 1003 6.95 X 10.3 5.12 X 1003 
300 8.91 X 1003 7.32 X 1003 5.43 X 1003 
Mole Fractions 
Pressure I bar 308K 318K 328K 
100 5.16x 10-4 5.06 x 10-4 5.04 x 10-4 
150 4.67 x 10-4 3.89 X 10-4 3.04 x 10-4 
200 4.38 X 10-4 3.58 X 10-4 2.99 x 10-4 
250 4.21 x 10-4 3.56 X 10-4 2.78x10-4 
300 4.22 X 10-4 3.61 X 10-4 2.81 X 10-4 
Table 6.2: Effect of pressure on solubility (BZP absorbance in solution = 2.0) 
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Absorbances 
Pressure I bar 308K 318K 328K 
100 1.307 0.971 0.629 
150 1.412 1.039 0.767 
200 1.424 1.002 0.872 
250 1.497 1.058 0.853 
300 1.524 1.096 0.907 
Concentrations 
Pressure I bar 308K 318K 328K 
100 1.31 x 10.2 9.71 X 10.3 6.29 X 10.3 
150 1.41x 10.2 1.04 x 10.2 7.67 X 10.3 
200 1.43 X 10-2 1.00 X 10-2 8.72 X 10-3 
250 1.50 x 10-2 1.06 X 10-2 8.53 X 10-3 
300 1.52 X 10-2 1.10 X 10-2 9.07 X 10-3 
Mole Fractions 
Pressure I bar 308K 318K 328K 
100 8.04 x 10-4 8.49 X 10-4 8.47 x 10-4 
150 7.57 x 10-4 8.15 X 10-4 5.15xI0-4 
200 7.28 x 10-4 5.41 X 10-4 5.08 X 10-4 
250 7.30 x 10-4 5.43 x 10-4 4.62 X 10-4 
300 6.73 x 10-4 5.43 X 10-4 4.69 X 10-4 
Table 6.3: Effect of pressure on solubility (BZP absorbance in solution = 3_0) 
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Initially along each isothenn, increasing pressure appears to result in an increase in 
the concentration of benzophenone in the cell, Figure 6.4. This increase in solubility 
may be explained by the fact that an increase in pressure leads to an increase in 
solvent density and as a result there are more solvent molecules available to dissolve 
the solid. With further increases in pressure the solubility appears to reach a plateau, 
which implies the benzophenone has reached a limiting solubility. (Tables 6.1 to 6.3 
and Figures 6.4 and 6.8). The pressure of the system is increased by introducing more 
carbon dioxide, had all the solid benzophenone been dissolved any further increases 
in pressure would have a diluting effect, causing a decrease in solubility with 
pressure. Once a limiting solubility has been reached the addition of more 
benzophenone solid would has no effect on the solubility. The mole fraction is higher 
at 100bar and drops from 100 to 150bar (Figure 6.8), attributed to the decreased 
solvent density at 100bar. Plots of benzophenone concentration versus pressure and 
temperature, Figure 6.4 and 6.6 respectively, are comparable to plots of the density of 
carbon dioxide versus pressure and temperature, Figure 6.5 and 6.7 respectively. 
Density (kg / mJ ) 
Pressure / bar 308K 318K 328K 
100 714.84 502.57 326.40 
150 816.06 743.17 654.94 
200 866.48 813.52 755.52 
250 901.87 857.82 811.37 
300 929.68 890.92 850.83 
350 952.81 917.65 881. 71 
400 972.74 940.24 907.27 
Table 6.4: Change in density of supercritical carbon dioxide with temperature and 
pressure 
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At constant pressure the concentration and mole fraction of benzophenone appears to 
decrease with increasing temperature, suggesting the dissolution process' 'his case is 
exothermic, Figure 6.6 and 6.9. In terms of solvent density increasi (emperature 
results in a decrease in the density of supercritical carbon dioxide (Table 6.5), 
therefore there are fewer solvent molecules available to dissolve the solute, resulting 
in a decrease in the solubility. 
A decrease in solubility observed with an isobaric increase in temperature is known as 
retrograde vaporisation[2.3]. Increasing temperature normally leads to an increase in 
solubility, due to increased solute vapour pressure, however in this region the SCF 
density falls sharply overcoming any increase in solute vapour pressure. In these 
experiments CO2 density does not fall sharply over the entire pressure range, hence 
the decrease with temperature cannot be explained by retrograde vaporisation. 
The phenomenon of retrograde vaporisation has previously been repo11ed by a 
number of groups. Zhao et al. [2] utilised the flame ionisation detection method to 
investigate the solubility of phenanthrene, naphthalene and biphenyl, in supercritical 
carbon dioxide, at pressures between 80 - 125bar and temperatures between 308 -
328K. The solubility of each solute was reported to decrease with an isobaric increase 
in temperature, which was particularly evident in the near critical region. 
Eckert et alP], investigated the solubility of tetraheptylamrnonium bromide (THAB) 
in supercritical C02, in the presence of acetone co-solvent. They obtained data which 
exhibited retrograde vaporisation behaviour, indicating the dominating factor on 
solubility is the effect of solvent density compared to the solute vapour pressure. 
Ruckenstein and Shulgin[4] investigated the solubility of naphthalene in supercritical 
carbon dioxide, as a function of oxygen concentration, employing molecular oxygen 
as an entrainer. They found the solubility of naphthalene decreased with increasing 
oxygen concentration. They explained their results in terms of the Brunner rule[5], 
which states; an entrainer with a lower critical temperature than the supercritical fluid 
decreases the solubility of the solute. 
Applying the Brunner rule, the benzophenone concentrations would be further 
decreased when oxygen is introduced into the system since the critical temperature of 
oxygen Tc - l25K, is lower than that of super critical carbon dioxide Tc- 305K. 
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6.2 Solubility of Anthracene 
Ground state absorbance spectra of anthracene were recorded as a function of both 
temperature and pressure in the supercritical cell, Figure 6.10. The experiments were 
performed at varying pressures along three isotherms, Table 6.5 . The ground state 
absorbance of anthracene at 355nm in solution was 2.0 (measured in acetonitrile), 
which corresponds to a concentration of3.33 x 10"" mol rl. 
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Figure 6.10: Ground state absorbance spectra of anthracene in SCF ceU 
[Anthracenel = 3.33 x 104 mol rl 
Absorbances 
Pressure/bar 308K 318K 328K 
100 0.654 0.696 0.748 
150 0.720 0.820 0.832 
200 0.732 0.834 0.876 
250 0.749 0.846 0.886 
300 0.741 0.842 0.897 
Concentrations 
Pressure/bar 308K 318 K 328K 
100 1.09 x 10-4 1.16 X 10-4 1.25 X 10-4 
150 1.20 x 10-4 1.37 x 10-4 1.39 X 10-4 
200 1.22 x lO's 1.39 x 10-4 1.46 X 10-4 
250 1.25 x 10-4 1.41 X 10-4 1.48 x 10-4 
300 1.24 X 10-4 1.40 x 10-4 1.50 X 10-4 
Mole fractions 
Pressurelbar 308K 318 K 328K 
100 6.71 x 10.6 1.02 x lO's 1.68 x lO's 
150 6.47 x 10.6 8.IOx 10,6 9.31 x 10'6 
200 6.20 X 10'6 7.52 X 10-6 8.50 X 10'6 
250 6.09 x 10.6 7.23 X 10'6 8.01 X 10'6 
300 5.85 x 10-6 6.93 x 10-6 7.73 X 10-6 
Table 6.5 Effect of increasing pressure on solubility of anthracene 
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Comparing the results across the temperature range along each isobar, both the 
concentration and mole fraction of anthracene generally increase with temperature, 
attributed to the increase in solute vapour pressure and the dissolution process being 
endothermic (Figures 6.13 and 6.14). 
Plots of concentration and mole fraction of anthracene versus pressure are given in 
Figure 6.11 and 6.12. The concentration increases with pressure up to approximately 
2S0bar, which may be attributed to an increase in density of carbon dioxide, allowing 
more solid to dissolve. Since the solubility isotherms appear to level off, this implies 
all the anthracene has been dissolved, Figure 6.11. The mole fraction of anthracene 
decreases with pressure sharply from 100 to ISObar, and more gradually with further 
increases in pressure. This is because at 100bar, close to the critical point the density 
of CO2 is much lower compared to at higher pressures, and therefore the mole fraction 
of anthracene is higher, Figure 6.12. 
Kosal and co-workers[7] found that increasing pressure led to an increase in solubility 
of anthracene, along isotherms of 308K and 318K, due to increased density of carbon 
dioxide. At pressures of 136 atmospheres (-138bar) and above the solubility was 
higher at 318K than at 308K, however, below 136 atmospheres the opposite was true, 
indicating retrograde vaporisation is observed, since the solubiIities are higher at the 
lower temperatures. The retrograde region is the region of pressure below the 
crossover pressure. In this range of pressure, solubility decreases with an increase in 
temperature because the density of the supercritical fluid falls sharply. This decrease 
in density may be sufficient to overcome any increase in solute vapour pressure that 
would normally lead to an increase in solubility. Above the crossover pressure, the 
decrease in solvent density is less sensitive to temperature. Therefore, solubility 
increases with temperature because the vapour pressure effect becomes dominant. 
Zerda et al. [8] also investigated the solubility of anthracene in carbon dioxide. 
Solubility increased with both temperature and pressure. They reported increases in 
absolute solubilities with temperature, despite decreases in the enhancement factor 
with increasing temperature. 
188 
'--
~ 
C 
0 
"" ~ 
~ 
c 
.2 
ts 
~ 
u.. 
<Il 
0 
::2: 
0 .000150 
0 .000145 
0 .000140 
0 .000135 
0 .000130 
0.000125 
0 .000120 
0 .000115 
0 .000110 
0.000105 
----_ ... 
----_ ... -/ - _--e--__ 
... ----. -- ---. 1" --
~/ ----- -,. /---
• 
100 150 200 250 
Pressurel bar 
. - 308K 
• 318K 
A - 328K 
300 
Figure 6.11: Plot to show effect of pressure on concentration of anthracene 
1.Bx10·' 
1.7x10·' 
1.6><10" 
1.5x10·' 
1.4x10·' 
1.3x10·' 
1.2x10·' 
1.1x10·' 
1.Ox10" 
9.Ox10·· 
8.Ox10·· 
7.Ox10·· 
6.Ox10·· 
. - 308K 
• 318K 
A- 328K 
.~ ~ ... ~--- ---------...  --------. - --, ... 
----.--------. 
.--------------------------.--------. 
100 150 200 
Pressure I bar 
250 300 
Figure 6.12: Plot to show effect of increasing pressure on solubility of anthracene 
lRQ 
-c.... 
0 
E 
c 
0 
:;::> 
CO 
~ 
-c 
~ 
c 
0 
U 
c 
0 
U 
~ 
u.. 
Ql 
0 
~ 
1.5x10" 
1.5x10" 
1.4x10" 
1.4x10" 
1.3x10" 
1.3x10" 
1.2x10" 
1.1x10" 
1.1x10" 
1.0x10" 
305 
. - 100bar 
• 150bar 
A- 200bar 
. - 250bar 
300bar 
• 
310 
.--
• 
• 
315 320 325 330 
Temperature/K 
Figure 6.13: Plot to show effect of temperature on concentration of anthracene 
0.000018 
- . - 100bar 
0.000016 - . 150bar 
- A- 200bar 
0.000014 
- . - 250bar 
~ 300bar 
0.000012 
0.000010 
0.000008 
0.000006 
305 310 315 320 325 330 
Temperature I K 
Figure 6.14: Plot to show effect of increasing temperature on mole fraction of aothracene 
190 
6.3 Cross-Over Pressure 
Consider the following diagram[9L 
Mole fraction 
o pu• 
Pressure 
Figure 6.15: Pictorial representation of Crossover Pressure 
Pressures where solubility isotherms intersect at various temperatures, are known as 
the lower and upper crossover pressure, PL• and pu• respectively. When the pressure 
reaches PL • the competing effects of solute vapour pressure and solvent density on 
solid solubility are balanced. 
Foster and co-workers!91 reported that solute solubility was not a well defined function 
of pressure. Their investigations were performed in supercritical carbon dioxide and 
revealed that solubility decreases with increasing pressure, reaches a minimum and 
rises rapidly in the region of the critical pressure of the solvent. They also found the 
upper crossover pressure of naphthalene increased when dissolved in solvents with 
higher critical pressures. 
1 Q1 
Miller and Hawthome[IoJ used the flame ionisation detection method to determine the 
solubility of anthracene in supercritical carbon dioxide. They found no evidence of a 
crossover point, solubilities were observed to increase with pressure, and with 
temperature. Pressures ranged from ISObar to 400bar and temperatures ranged from 
SO°C to 200°C. 
6.4 Solubility Parameter Theory 
Solubility parameter theory is frequently used to explain the effects of temperature 
and density on solubility. The theory indicates that when the solubility parameter of 
the solvent and solute are close to one another a higher solubility is achieved. 
The solubility parameter of a given solute is dependent on its properties and on 
temperature. 
The solubility parameter of a supercritical fluid OSF, can be calculated from the 
following equation[IIJ: 
112 ( Pr. SF ) 
OSF = 1.25Pc ~ Pr. L 
6.3 
Where Pc is the critical pressure of the SCF and p r. SF and p r. L are the reduced 
densities of the fluid and of the extraction fluid in the quasi-liquid state, respectively. 
The solubility parameter has been calculated as 16.3 for supercritical carbon dioxide 
and 22.7 for anthracene[Il]. Applying this theory to the anthracene data, at constant 
temperature an increase in pressure has little effect on the solubility parameter of 
anthracene. However, the solubility parameter of supercritical carbon dioxide 
increases and approaches that of anthracene, therefore solubility increases with 
pressure, unless a limiting solubility has been reached or the solid has been 
completely dissolved. At constant pressure an increase in temperature results in a 
decrease of both anthracene and supercritical carbon dioxide and the effect of 
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temperature becomes dependent on the temperature and pressure conditions as well as 
the properties of the solute. At constant solvent density an increase in temperature 
results in a decrease in the solubility parameter of anthracene, while that of the 
solvent remains virtually constant, therefore solubility increases. 
Employing the flame ionisation detection method Lou and co-workers!lI] investigated 
the solubilities of some polycyclic aromatic hydrocarbons, including anthracene, in 
supercritical carbon dioxide. They found that at 200bar and above increasing the 
temperature at constant pressure leads to increased solubilities, however, below this 
pressure they observed decreased solubilities with increasing temperatures. At 100bar 
the solubility of anthracene decreased with temperature up to _60°C above this 
temperature the solubility increased with increasing temperature. They suggested the 
increased solubilities at elevated temperatures are mainly due to variations of 
physiochemical properties of the solute and the supercritical fluid. They explained 
their results in terms of solubility parameter theory and solute vapour pressure and 
state that at higher temperatures the contribution of vapour pressure is limited for 
semi-volatile compounds such as anthracene. 
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6.5 Conclusions 
Benzophenone 
Benzophenone concentration was found to be generally dependent on the density of 
carbon dioxide. Increasing pressure initially led to an increase in solubility. However, 
above ISObar an increase in pressure appears to cause the solubility curves to level 
off, which implies a limiting solubility may have been reached. An increase in 
temperature led to a decrease in both concentration and mole fraction, due to the 
dissolution process being exothermic. 
Anthracene 
At constant pressure an increase in temperature causes an increase in solubility due to 
an increase in solute vapour pressure despite a decrease in solvent density, due to the 
dissolution process being endothermic. 
At constant temperature an increase in pressure leads to an increase in concentration 
as more anthracene is dissolved, however increasing pressure causes a decrease in 
mole fraction, particularly from 100 to ISObar, since in this region close to the critical 
point the density of carbon dioxide is much lower than at high pressures. 
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Results and Discussion 
Chapter 7 
Singlet Oxygen Quantum Yields 
7.0 Singlet Oxygen Quantum Yield Measurements 
The quantum yield of singlet oxygen formation is determined by the following 
-
equation; 
Concentration of singlet oxygen produced 
7.1 
Number of photons absorbed 
This can also be written 'as; 
<f>t>= 
[102l 7.2 
labs 
la 
<f>t>= This is proportional to; 7.3 
10 (I-I O·A) 
Where It> and 10 denotes singlet oxygen luminescence and laser intensity, respectively, 
and A represents absorbance. 
Once singlet oxygen Ct.g) is formed it decays back to the triplet ground state, via 
phosphorescence and intersystem crossing, Figure 7.1. 
-----------------------r------------------ 1~g. 
Internal Conversion 
____________ ~----~---r----------'~ 
Back Intersystem 
Crossing 
Phosphorescence 
(luminescence) 
3~ . 
______________ ~L-________ ~____________ 9 
Figure 7.1: Decay processes from the singlet excited states of oxygen 
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Constructing a similar plot for a compound with known single oxygen quantum yield 
(Figure 7.3), gives: 
mu 
-- -
m, 
where s and u represent the sensitiser and the unknown respectively. 
10000 
~ 
< 8000 :::::,. 
>-
"" III C 
Q) 
6000 
-£ 
f3 
c 
2l 4000 III 
Q) 
c 
'E 
:::l 2000 ...J 
• --Benzophenone 
./ • -- Perinaphthenone 
• 
0 .0 0 .2 0.4 0.6 0.8 1.0 1 .2 1.4 1.6 1.8 2 .0 
Laser Energy (mJ) 
Figure 7.3: Variation in singlet oxygen luminescence intensity with laser energy 
Since it is not possible to measure the singlet oxygen luminescence intensity in an 
absolute sense, the gradient m, is only proportional to (I-I0·A) multiplied by the 
quantum yield <Ill\, and not actually equal to it. 
If the solutions employed are optically matched the terms relating to absorbance can 
be ignored. However, this was not possible as once the solutions were introduced into 
the optical cell and dissolved in supercriticaJ carbon dioxide, the concentration of 
each sample changed by different amounts in the cell. For this reason the absorbance 
terms in the equation must be included. The experimental setup was designed such 
that it was possible to measure the absorbance in the cell for each sensitiser allowing 
TQR 
the mismatched ground state absorbances to be accounted for and corrected using the 
following equation. 
7.7 
Therefore the quantum yield can be calculated using the following equation; 
7.8 
The singlet oxygen quantum yield, ~6, was measured relative to perinaphthenone as a 
standard sensitiser, for which ~6 is reported to be 0.95 ± 0.05[1,2]. 
7.1 Quantum Yields Obtained in Acetonitrile 
In order to ensure the methodology employed actually worked the experiment was 
initially performed in acetonitrile, employing benzophenone as a sensitiser and 
perinaphthenone as the reference sensitiser, since singlet oxygen data for 
benzophenone in acetonitrile has previously been reported[3]. 
Oxygen % [021 mol rl Quantum Yield (<1>6) 
25 1.0 x 10.2 0.45 
50 2.0 x 10.2 0.52 
75 3.1 x 10.2 0.55 
100 4.1 x 10.2 0.54 
Error=± 0.10 
Table 7.1: Singlet oxygen qnantum yields obtained in acetonitrile, 
employin~ benzopbenone as a sensitiser 
Previously Chattopadhyay et al[3] used methodology involving DPBP photo-bleaching 
and obtained a quantum yield value of 0.37 in acetonitrile. Values obtained here are 
higher, which could partly be explained by the different methodologies employed and 
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in part by the fraction of triplet states quenched by oxygen, pT02. Chattopadhyay used 
lower oxygen concentrations, consequently all the triplet states may not have been 
quenched. The oxygen concentrations used in this study are higher and therefore a 
greater fraction of excited states are quenched, hence more singlet oxygen is 
produced. The results suggest that pT 02 only becomes one above 50% oxygen, at 
which point a limiting quantum yield is reached, which implies 0.37 is an 
underestimate of the limiting yield. 
7.2 Quantum Yields Obtained in Supercritical Carbon Dioxide 
Singlet oxygen quantum yields were obtained for both benzophenone and anthracene 
in supercritical carbon dioxide. Solubility experiments (Chapter 6) revealed that the 
concentrations of benzophenone and anthracene altered in the supercritical cell with 
temperature and pressure. Therefore the absorbance of each sensitiser, including the 
reference sensitiser (perinaphthenone) was measured at each temperature and pressure 
during the experiment. 
7.3 Benzophenone 
Employing benzophenone as the unknown sensitiser quantum yields were obtained at 
75% oxygen and values are shown in Table 7.2. 
Pressure / bar 308K 318K 328K 
150 0.69 0.61 0.54 
200 0.68 0.59 0.54 
250 0.67 0.60 0.52 
300 0.65 0.58 0.53 
350 0.66 0.57 0.53 
400 0.65 0.59 0.51 
Error=± 0.12 
Table 7.2: Trends in singlet oxygen quantum yields with temperature and pressure in 
supercritical carbon dioxide from benzophenone 
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Values range from approximately 0.5 to 0.7 over the entire pressure and temperature 
range. Singlet oxygen quantum yields have not previously been reported for 
benzophenone in supercritical fluids, however, values reported in solution range from 
0.29 to 1.00, in Table 7.3. 
<Dd [02] Solvent 
0.29 air C6H6[4) 
0.31 air c6Hl) 
0.35 [02] C6H6[6) 
0.37 02 CH3CN[3) 
0.39 O2 C6Ht) 
0.40 02 C6H6[8) 
0.46 2.3 x 10-3 CC1P) 
0.50 02 MeOH lO) 
0.54 1.9x 10-3 C6H6[II) 
0.90 9.0xlO-3 C6H6[II) 
Table 7.3: Literature values of singlet oxygen quantum yields iu solution, employing 
benzophenone as a sensitiser 
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7.3.1 Pressure Effects on Singlet Oxygen Quantum Yields for Benzophenone 
In general, an increase in pressure appears to result in a small decrease in the quantum 
yield (Figure 7.4), which becomes less apparent at the higher temperatures. This trend 
mirrors that of triplet quenching rates of benzophenone (Chapter 5) and therefore can 
be explained in terms of an increase in solvent viscosity, which decreases the rate of 
formation of the benzophenone-oxygen exciplex. Fewer exciplexes are formed at 
higher pressures and therefore the singlet oxygen luminescence intensity is lower. 
The trends with solvent viscosity are shown in Figure 7.5. There appears to be a 
significant dependence on temperature, where the singlet oxygen quantum yields are 
higher at lower temperatures. This implies that there is a dependence on both the 
proportion of triplet states quenched by oxygen and on the fraction quenched which 
then lead to singlet oxygen production. 
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Figure 7.4: Pressure dependence on singlet oxygen quantum yields from 
benzopbenone in supercritical fluid carbon dioxide 
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7.3.2 Temperature Effects on Singlet Oxygen Quantum Yields for Benzophenone 
Increasing the temperature appears to have a negative effect on the formation of 
singlet oxygen which is apparent along each isobar, despite a decrease in solvent 
viscosity with temperature, Figure 7.6. This negative temperature dependence 
provides further evidence for the formation of an exothermic exciplex, suggested in 
Chapter 5 for quenching of benzophenone by oxygen, since an increase in 
temperature causes the exciplex to dissociate back to the sensitiser triplet state, 
resulting in a lower singlet oxygen luminescence intensity. The 3D plot given in 
Figure 7.7 shows the effect of temperature on both the singlet oxygen quantum yield 
and on the rate of quenching of benzophenone. 
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Figure 7.6: Temperature dependence on singlet oxygen quantum yields from 
benzophenone in supercritical fluid carbon dioxide 
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7.3.3 Calculated Singlet Oxygen Quantum Yields for Benzophenone 
It is possible to calculate the maximum and minimum singlet oxygen quantum yields 
<t> 8, using the following equation[I]; 
7.9 
Ps 02, PT 02 = Proportion of singlet and triplet states quenched by molecular oxygen, 
respectively. 
fi. s, fi. T = Fraction of singlet and triplet states quenched by molecular oxygen, which 
produce singlet oxygen, respectively . 
.fr 02 = Fraction of singlet states quenched by molecular oxygen which produce triplet 
states. 
<l>T = Triplet quantum yield. 
Singlet state quenching of benzophenone does not occur, since triplet states are 
produced with 100% efficiency and therefore the terms relating to the singlet state are 
given a value of zero, and the equation reduces to; 
7.10 
Since the triplet quantum yield <l>T of benzophenone is one, the fraction of triplet 
states quenched which produce singlet oxygen fi.,T, are the same as the measured 
singlet oxygen quantum yield values, shown in Table 7.2. 
The fraction of benzophenone triplet states quenched by ground state oxygen pT02, 
can be calculated using the following equation; 
kqT [Q] 
7.11 
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Values were calculated usmg data from the repeated data for the quenching of 
benzophenone triplet by oxygen, which were obtained at 308 and 318K only (Chapter 
5, page 149). At 75% oxygen, values ranged between 0.79 and 0.96, Table 7.6. 
308K 100%T 60%T 40%T 
150__-1-- __ -----__ -O.93--_I____g,~~-__ -__I___Q:~~_-- ---------------
__ 200 I_Q.96 1 _ 0.86_ 1 0.93 
____ }~0 __ 1 __ 0.9_1 _1 __ 0.94_.I_ 0.90 ~_ 
318K 
ISO 1 0.93 1 0.91 1 0.89 
_____ .2.!1Q. ___ --' __ Q29 _____ I___.QJ_Q ___ I~___Q~8 L _____ _ 
250ig'~}-1 _ 0.83 1 0.8 __ 7_: ______________ _ 
Table 7.6: Fraction of benzophenone triplet states quenched by oxygen 
Substituting the values into equation 7.10 gives; 
Maximum <1>6 (0.96 x 0.69 x 1) 7.12 
(0.79 x 0.69 x 1) 7.13 
The calculated values are 0.66 and 0.54, for the maximum and minimum quantum 
yields, respectively. These values are in within the error of the measured values, 
shown in Table 7.2. 
Using values from the original benzophenone quenching data (Chapter 5, pages 152-
153), values at 75% oxygen ranged between 0.78 and 1.0. Tables of the fraction of 
excited states quenched at different oxygen concentrations are given in Appendix I. 
The calculated values are 0.689 and 0.537, for the maximum and minimum quantum 
yields, respectively. These values are in also within the error of the measured values 
at 308 and 318K, shown in Table 7.2. 
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7.4 Anthracene 
Employing anthracene as a sensitiser afforded quantum yields with values ranging 
from 1.30 to 0.88, relative to perinaphthenone as a reference sensitiser, Table 7.5. 
308K Oxygen % 
Pressure/bar 100% 75% 50% 40% 
150 1.10 1.05 0.97 0.93 
200 1.06 - - -
250 1.01 0.98 0.93 0.90 
300 1.01 - - -
350 1.00 0.96 0.94 0.88 
318K 100% 75% 50% 40% 
150 1.19 1.07 1.04 0.98 
200 1.11 - - -
250 1.12 1.00 0.97 0.95 
300 1.06 - - -
350 1.04 1.01 0.95 0.94 
328K 100% 75% 50% 40% 
150 1.30 1.11 1.09 1.04 
200 1.18 - - -
250 1.15 1.04 0.98 0.97 
300 1.11 - - -
350 1.06 1.04 0.97 0.95 
Error =± 0.14 
Table 7.5 Singlet oxygen quantum yields obtained from anthracene in 
supercritical carbon dioxide 
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Singlet oxygen quantum yield values for anthracene reported in solution range from to 
0.58 to 1.1 0 given in Table 7.6. 
cI>Ll [02] Solvent 
0.57 1.2 x 10-3 Benzonitrile [I2J 
0.58 1.3 x 10-4 CH3CN[13] 
0.68 O2 C6H6[6] 
0.70 O2 CS}l4J 
0.74 air C6HlSJ 
0.75 02 cCll4] 
0.88 1.9 x 10-3 C6H6[11 J 
1.00 02 C6HsCH3[16] 
1.12 9.0xlO-3 C6Hl I] 
Table 7.6: Reported literature values for singlet oxygen quantum yields from 
anthracene in solution 
Stevens et a/[II] obtained a value of 1.12 ± 0.09. They assume that quenching of the 
anthracene singlet state leads to the production of singlet oxygen, and quote a value of 
0.46 for the fraction of excited states quenched that produce singlet oxygen, fi, s. 
However, recent publications suggest that this is not possible since the T2 state of 
anthracene lies below the S I state and thus quenching of S I leads to production of the 
T 2 state via intersystem crossing, vide infra. 
208 
For quenching of the first excited singlet state by oxygen, it is necessary to consider 
the following five spin allowed and two spin forbidden processes; 
SI + O2 eLg) • TI + O2 CL:g+) (i) 
SI + O2 eLg") 
• 
TI + O2 eL:g") (ii) 
S, + O2 (3L:;) • T, + O2 (I~p) (iii) 
S) + O2 eL:g) • T2 + O2 eL:g") (iv) 
SI + O2 eL:;) • So + O2 eL:g") (v) 
S) + O2 eL:g") • So + O2 (IL:/) (vi) 
SI + O2 eL:g") • So + O2 C~g) (vii) 
Scheme 7.1: Possible pathways for singlet state quenchiug by molecular oxygen)") 
The four enhanced lSC pathways (i-iv) lead to the fonnation of the first or the second 
excited sensitiser triplet state and either the ground state eLg"), or two lowest lying 
excited singlet states of oxygen (ILg+, Illg). The three enhanced internal conversion 
processes (v-vii) generate the sensitiser ground state (So) and either 02 eLg"), 02 
(ILt), or O2 (Illg), see Figure 7.8. 
Therefore by quenching both the singlet state and the triplet state it is possible to 
obtain quantum yields for singlet oxygen generation with values greater than one. 
7.14 
Quenching by oxygen is more complex than simply quenching of TI since other 
excited states exist that may be quenched by oxygen. 
Stevens and Small[18] found that in the absence of strong charge transfer interactions 
enhanced lC cannot compete efficiently with spin allowed lSC, either due to a large 
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energy gap (process v), or due to the spin forbidden nature of such transitions 
(processes vi and vii). Process i has not been previously observed since the S,-T, gap 
must exceed l5SkJmor'. Hence, the four enhanced intersystem crossing processes ii-
v, have been identified to be the routes by which oxygen quenches the S, state. The 
different routes of intersystem crossing lead from the initially formed excited complex 
3(S,3I ) to the product complexes 3(T,3I), 3(T,' /l), \TlI) and 3(S03I ), which can then 
further dissociate, Figure 7.S. 
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Figure 7.8: Most probable routes for quenching of singlet states by oxygen ll•1 
In order to observe quenching of the singlet state, which results in the production of 
singlet oxygen, certain criteria must be satisfied. Firstly the S,-T, gap must be greater 
than 94kJmor'. The singlet state of anthracene lies 31SkJmor' above the ground state 
and the triplet state corresponds to an energy of 17SkJmorl, which results in an 
energy gap of l40kJmor', and therefore theoretically under these conditions singlet 
oxygen could be formed. However, the energy of the charge transfer state and of the 
second excited triplet state T2 need to be considered. 
When the sensitiser is an easily oxidisable molecule charge transfer interactions with 
oxygen strongly influence the rate and efficiency of singlet oxygen formation. The 
oxidation potential of anthracene is 1.20V[20] and the free energy change for complete 
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energy transfer t.GCET is -128kJmor'for the singlet state[201. As previously mentioned 
in Chapter 5, when t.GCET is high and positive very little quenching proceeds via the 
charge transfer state. In this case the t.GCET value is negative which means that 
energy transfer proceeds predominantly through a charge transfer state. The energy of 
the charge transfer state of anthracene is 191 kJmor', which is much lower than the 
anthracene singlet state. An energy gap of 1lkJmor' is not large enough to produce 
singlet oxygen. Consequently, singlet oxygen quantum yields should not be greater 
than one for anthracene. 
However, the energy of the second excited triplet state also requires consideration. 
The T2 state of anthracene lies 312kJmor' above the ground state which is 
energetically lower than the singlet state (318kJmor'), and since the charge transfer 
state lies below the T2 state, quenching simply produces the T2 state, Figure 7.9. 
Therefore quenching of the anthracene singlet state results in production of the T 2 
state via intersystem crossing, and not via energy transfer to the oxygen molecule as 
shown previously for a range of me so-substituted anthracenes['91. 
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o 
S, ~ (S, ... O,) 
T, ~ 1.3·.5(T, ... '~) 
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'·'(M+ ... O,) 0, 
T, ~ I, '" T, ... J~) 
'(So ... '~ ---. '~ + • 
-
'(T, ... '6) 
---. '~ • 
So~~---- ------ '(T2""~) --. 
M (M ... O,) 
Figure 7.9: Energy level diagram to show energy transfer between anthracene excited 
states and molecular oxygen 
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Since quenching of the SI state of anthracene does not generate singlet oxygen 
directly, singlet oxygen quantum yields are not expected to be greater than one. 
Between 40% and 75% oxygen the quantum yields obtained ranged from 0.88 to 1.11, 
where values greater than one are within the experimental error. However, at 100% 
oxygen at the higher temperatures the values obtained are greater than one and cannot 
be explained by the error. One explanation is that perinaphthenone may be subject to 
degradation. Experiments were performed at increasing temperatures along different 
isobars, degradation would cause the singlet oxygen signal intensities to decrease with 
temperature, resulting in an overestimation of quantum yields at the higher 
temperatures. Previously, perinaphthenone has been shown to degrade under 
continuous irradiation in 1,4-dioxane and N,N-dimethylacetamide (DMA)[211. Slight 
degradation of perinaphthenone would not be detected by absorbance measurements, 
since spectra are dominated by the benzene ring and carbonyl entities. Another 
explanation for high yields may be that the singlet oxygen quantum yield for 
perinaphthenone (0.95 ± 0.05) may not be independent of temperature in supercritical 
C02. In view of this the experiments were repeated employing phenazine as a 
reference sensitiser, which disprove these explanations, see Section 7.4.5. 
Modelling studies were carried out which showed that multiple excitation is possible 
within the laser pulse which would account for the high quantum yields obtained for 
anthracene, see Section 7.4.7. 
7.4.1 Effects of Oxygen Concentration on Singlet Oxygen Quantum Yields for 
Anthracene 
Increasing the concentration of oxygen results in an increase in the obtained quantum 
yields of singlet oxygen, Figures 7.1 0 and 7.11. This can be explained by studying the 
fraction of singlet states quenched by oxygen, as a function of oxygen concentration, 
Section 7.4.2. According to the data, fewer singlet states are quenched at lower 
oxygen concentrations and hence fewer singlet states produce triplet states, therefore 
lower singlet oxygen quantum yields are obtained at low oxygen concentrations. 
Plots of singlet oxygen quantum yields as a function of pressure appear to curve at the 
higher oxygen concentrations indicating the values may be approaching a plateau, 
Figure 7.10. 
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7.4.2 Fraction of Excited Singlet States of Anthracene Quenched by Oxygen 
It is possible to determine the fraction of singlet states quenched by molecular 
oxygen, is 02, using the following equation; 
PS02 _ kq S [Q] 
7.15 
kqS [Q] + kd 
In order to determine the fluorescence quenching rate constant kq s, the absorbance of 
anthracene in the cell and the fluorescence spectra were recorded as a function of 
oxygen concentration. The absorbance of anthracene was obtained by measuring the 
transmitted light intensity through the cell, Figure 7.12. Experiments were performed 
at increasing temperatures along a single isobar of 150bar. 
Using excitation at 355nm from measurements using the photodiode array, it was 
possible to record the fluorescence spectra of anthracene in supercritical carbon 
dioxide. Peak intensities were seen predominantly at approximately 410 and 430nm, 
Figure 7.13. 
Once the absorbance spectra were obtained, the fluorescence intensities were 
corrected by dividing them by an absorbance factor; 
If 
7.16 
Where If is the emission intensity, and A relates to the absorbance of anthracene at 
355nm 
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Figure 7.13: Fluorescence spectra of anthracene in supercritical fluid carbon 
dioxide ((Anthracene] = 3.33 x 10'" mol 1'1) 
?1'i 
Once the emission intensities were corrected, the peak intensities were plotted against 
oxygen concentration according to the following Stem-Volmer equation, 
1 1 kq '0 [Q] 
--=-- + 
7.17 
I 
Where 'to is the radiative lifetime in the absence of quencher and 10 is the fluorescence 
intensity in the absence of oxygen. 
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Figure 7.14: Stern-Volmer plot to determine rate constants for quenching of 
anthracene fluorescence by oxygen 
Fitting the data with a straight line gives an intercept of the reciprocal of the laser 
emission intensity in the absence of quench er, Figure 7.14. Multiplying the gradient 
by 10 gives the product of the quenching rate constant and the lifetime (kq To), equation 
7.17. The fluorescence quenching rate constant can then be obtained by dividing by 
the lifetime. Lifetime values have been previously measured in supercritical carbon 
dioxide in the absence of quencher[22J, and are given in Table 7.7 along with the 
quenching rate constants. 
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Fluorescence quenching rate constants in supercritical CO2 were found to be of the 
order of 1010 I mor l S·I, which is expected for a diffusion controlled reaction. An 
increase in the rate of quenching was observed with an increase in temperature, 
attributed to a decrease in solvent density. 
Temperature t / s (* 10.9)1221 kq I I mOrl S·1 (*1010) 
308K 7.38 1.24 
318K 7.47 2.18 
328K 7.58 2.89 
Table 7.7: Effect of increasing temperature on the nuorescence quenching rate 
constant at ISObar 
Using the values for the quenching rate constants calculated above, the fract ion of 
singlet excited states quenched by molecular oxygen ranged from 0.35 to 0.86. 
Oxygen % 308K 318K 328K 
15 0.35 0.48 0.54 
25 0.47 0.61 0.66 
35 0.56 0.67 0.73 
45 0.62 0.97 0.78 
55 0.67 0.77 0.81 
65 0.70 0.80 0.84 
75 0.73 0.82 0.86 
Table 7.8: Fraction of anthracene singlet excited states quenched by molecular oxygen 
The fraction of singlet states quenched increases with increasing temperature and with 
increasing oxygen concentrations. 
217 
7.4.3 Temperature Effects on Singlet Oxygen Quantum Yields for Anthracene 
An increase in the temperature of the system leads to an increase in the quantum 
yields, evident at each concentration of oxygen, Figure 7.15, which may in part be 
attributed to a reduction in solvent density. 
This trend with temperature may also be explained in terms of the temperature 
dependence on the fraction of singlet states quenched by oxygen, which increases as 
the temperature is increased. Quenching of anthracene singlet states results in the 
production of triplet states, hence, at higher temperatures more triplet states are 
produced resulting in higher singlet oxygen quantum yields. 
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7.4.4 Pressure Effects on Singlet Oxygen Quantum Yields for Anthracene 
At each concentration of oxygen increasing pressure has a negative effect on the 
obtained quantum yields, which is observed along each isotherm, Figure 7.16. This 
trend may be attributed to an increase in solvent viscosity, which retards the formation 
of the encounter complex between anthracene and oxygen. The trends in the quantum 
yields with solvent viscosity are shown in Figure 7.17. Solvent viscosities for 
supercritical carbon dioxide are taken from reference 23. The isotherms appear to 
exhibit the same trend and there appear to be very little temperature dependence with 
viscosity. This implies there is no temperature dependence on what happens once 
quenching occurs, i.e. the fraction of excited states quenched which actually produce 
singlet oxygen, fi, T or fi, s. Whereas there is a temperature and pressure dependence on 
the proportion of excited states that are quenched, PT02, P S02. 
1.30 ... 
"-
• 308K 
~ 
• 318K < 1.25 ~ .... 328K 
"t:J Qj 
'>- 1.20 
E • 
..."" :> ~ - '-c " et! 1.15 ",,- ... :> 
0- ",-
C . '-,-
Q) 
• "--..... ... Cl 1.10 ~ S<-o ---.~ -Q) • Cl 1.05 
-. c 
en 
• 1.00 
150 200 250 300 350 
Pressure / bar 
Figure 7.16: Effect of pressure and temperature on singlet oxygen quantum yields 
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7.4.5 Calculated Singlet Oxygen Quantum Yields for Anthracene 
As shown in section 7.3.3 for benzophenone, equation 7.9 can be used to calculate the 
maximum and minimum quantum yields from anthracene, since fT 02 is equal to one 
the equation becomes; 
Values reported previously for anthracene in the solvents they were detennined in are 
given below; 
f"S = 0 (acetonitriler20J) 
PT02= 1.0 (acetonitriler20J) 
f/ = 1.0 (cyclohexane[24J) 
fT02 = 1.0 (cyclohexane[24J) 
<1l-r = 0.73 (acetonitrile[2oJ) 
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The fraction of singlet excited states that are quenched by oxygen PS02 has been 
detennined as 0.86 at 328K and as 0.731 at 308K (at 75% oxygen) Table 7.7. 
Substituting all the values into the equation gives; 
<1>", = 1.0 x 1.0 x 0.73 + 0.86 {O + 1.0 x 1.0 (1- 0.73)} 7.19 
<1>", = 1.0 x 1.0 x 0.73 + 0.70 {O + 1.0 x 1.0 (1- 0.73)} 7.20 
This gives a maximum quantum yield of 0.96 and a minimum yield of 0.92. At 75% 
oxygen the measured maximum and minimum values are I.I I and 0.96, respectively, 
across the concentration range, relative to perinaphthenone (assuming <Dd = 0.95 is 
independent of temperature and pressure). Differences in values could be because 
some of the values used in the calculation above have been obtained from studies in 
different solvents, and may vary in supercritical carbon dioxide. 
7.4.6 Phenazine as a Reference Sensitiser 
Phenazine was employed as a reference sensitiser for comparative purposes. The 
resulting singlet oxygen quantum yields obtained for anthracene, at 75% oxygen, 
ranged from 0.9 to 1.08. 
Temperature I K 
Pressure I bar 308 318 328 
150 1.01 1.04 1.08 
250 0.96 1.00 1.03 
350 0.95 0.95 0.98 
Error = ± 0.07 
Table 7.9: Singlet oxygen quantum yields obtained from anthracene, 
relative to phenazine 
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The values obtained here are very similar to those obtained when using 
perinaphthenone as reference sensitiser. As before there is an increase in the values 
with temperature and a decrease with pressure. Since the trends observed are similar 
they can still be considered accurate, even if there is some uncertainty in the absolute 
quantum yields. 
7.4.6.1 Relative Yields 
The relative quantum yields for anthracene measured relative to perinaphthenone and 
phenazine can provide information on the effects of temperature and pressure on the 
quantum yield for these sensitizers. Obtaining a constant value could indicate that the 
quantum yields for each sensitizer do not alter with temperature or pressure. It is 
possible to obtain the relative yield by calculating the ratio of the yields at each 
temperature and pressure, Table 7.10. 
Temperature 
Pressure 308K 318K 328K / bar 
150bar 1.04 1.03 1.03 
250bar 1.02 1.00 1.01 
350bar 1.01 1.06 1.06 
Table 7.10: Ratio of quantum yields obtained from anthracene relative to 
perinaphthenone and phenazine 
The calculated values are approximately one. Any change in the relative yields with 
temperature and pressure is small and can be said to be within the error. Therefore, it 
can be assumed quantum yields for perinaphthenone and phenazine are relatively 
independent of temperature and pressure. Although perinaphthenone is one of the 
most widely used sensitizers and has been reported to be one of the most consistent 
sensitizers, producing singlet oxygen quantum yields of 0.95 ± 0.05 independent of 
solvent, there has been no published literature investigating the temperature 
dependence of quantum yields for perinaphthenone. Further investigation is necessary 
to obtain conclusive evidence on the photo-stability and temperature dependence of 
the singlet oxygen quantum yield for both perinaphthenone and phenazine. 
222 
7.4.7 Modelling of Excited States 
Generally, it is assumed that molecules are only excited once within the laser pulse. 
However, if repopulation of the ground state occurs within the laser pulse, it is 
possible to get multiple excitation and under these conditions it would be possible to 
obtain quantum yields of singlet oxygen greater than one. Thus modelling studies 
were carried out to investigate the high yields obtained for anthracene. 
Quenching of the triplet state of anthracene by oxygen results in energy transfer to the 
oxygen molecule, accompanied by triplet state decay to the ground state. 
Repopulation of the ground state occurs via internal conversion and fluorescence from 
the singlet state and via intersystem crossing from the triplet state. If the molecules 
return to the ground state within the laser pulse then the concentration of ground state 
anthracene would never reach zero and it would be possible to excite the ground state 
again, as a result the system would reach steady state. 
Consider the following diagram; 
SI --,,--,--.,---___ 
k:>-
isc "-:... T2 
__ --'i<-___ T, + O2 eLg) --. O2 c'Llg) I 
kr 
Figure 7.18: Illustration to show pathways for repopulation ofS. to allow multiple 
excitation 
It is assumed that quenching of the singlet state by oxygen leads solely to production 
of the triplet state and does not produce ground state anthracene. 
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In order to model the data it is necessary to consider the rate of change of 
concentration of the singlet ground state, the singlet excited state, the triplet state and 
singlet oxygen, which can be found from the following equations; 
d [So] = -I [So] + kic [SI] + k'isc [TI] + kdSl] + kqT [Td [02] 
dt 
d [SI] = I [So] - kisc [SI] - kic [SI] - kqS [Sd [02] - kr [Sd 
dt 
d [Td =kisc [Sd-k';sc [TI] _kqT [TI] [02] +kqS [SI] [02] 
dt 
d [102] = kqT [T1] [02] 
dt 
7.21 
7.22 
7.23 
7.24 
Triplet state parameters were taken from those reported previously for anthracene; 
kqT = 3.4 X 109 I mor l S·I in cyc!ohexane[25J 
k<t = 3.5 x 106 S·I in supercritical carbon dioxide[25J 
<l>r = 0.3 [26J 
.n. = 0 7 [26J 
'-Vlse . 
Singlet state parameters were obtained from fluorescence quenching experiments in 
supercritical carbon dioxide (see Section 7.4.2); 
kq s = 1.24 x 1010 I morl S·I 
k<t = 13.6 X 107 S·I 
The rates of fluorescence and intersystem crossing were obtained from the following 
equations; 
kr = <l>r x (kr + kisc) 7.25 
7.26 
Modelling was carried out using the above parameters and the profiles are shown in 
Figures 7.19 to 7.21. 
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The profiles were calculated at high laser fluence to illustrate the change in 
concentrations of each of the states of anthracene more clearly. In the singlet oxygen 
experiments the ground state would not deplete to the same extent since the 
experiments were carried out at alower laser fluence. 
From the profiles shown in Figures 7.19 to 7.21, it can be seen that the singlet ground 
state concentration [Sol is maximum at time zero, since none of the molecules have 
been excited. After laser excitation the singlet ground state depletes as molecules are 
excited to the singlet excited state, S I. The concentration of the singlet state S I reaches 
a maximum and begins to drop due to i) quenching by oxygen to produce T], ii) 
fluorescence, iii) internal conversion. 
In the absence of oxygen quenching the triplet reaches a maximum concentration of 
about 1.65 x 105 mol rl (Figure 7.19), within the laser pulse, this is because the rate of 
intersystem crossing is slower when oxygen is not present, since oxygen catalyses this 
process, and therefore S I depletes at a much slower rate in the absence of oxygen. At 
75% oxygen the triplet concentration increases quite rapidly (Figure 7.20), where it 
reaches a maximum concentration of approximately 2.7 x 105 mol rI, at 25% oxygen 
the rate of increase in triplet concentration is slower (Figure 7.21), reaching a 
maximum of2.5 x 105 mol rl. The rate of population of the triplet state decreases, due 
to quenching by ground state oxygen, to produce singlet oxygen and the singlet 
ground state of anthracene. 
As the triplet state is quenched the concentration of singlet oxygen increases and the 
anthracene singlet ground state becomes repopulated, this occurs within the 8ns laser 
pulse allowing re-excitation. Effectively the system has reached a steady state and 
therefore the concentration of the ground state never drops to zero. Since ground state 
molecules are excited within the laser pulse it is possible to observe multiple 
excitation, because ground state molecules can be excited and quenched more than 
once. This indicates the quantum yield may be dependent on laser energy. 
The rate of re-population of the singlet ground state is dependent on the rate of 
quenching of the triplet excited state, and production of the triplet state is dependent 
on the rate of quenching of the excited singlet state. The rate and extent of quenching 
of both these states is dependent on the oxygen concentration, since at higher oxygen 
concentrations more singlet and triplet states are quenched, which ultimately 
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determines the concentration of ground state through re-population. However, even in 
the absence of triplet state quenching by oxygen, the singlet ground state does not 
reach zero, although it does drop to a lower concentration than found with 25% and 
75% oxygen it, Figure 7.19. Which implies that the largest contribution of the singlet 
ground state is from quenching of the triplet state. More singlet and triplet states are 
quenched at higher oxygen concentrations, therefore the ground state is repopulated at 
a faster rate and concentration of So is higher. At 75% oxygen the So does not drop 
below approximately 1.75 x lOos mol r', however, at 25% oxygen the ground state is 
not as significantly repopulated, therefore there is less of a dependence on the effects 
described above at lower oxygen concentrations. 
Although the observed here with anthracene may also be observed with 
benzophenone and the standard perinaphthenone, it is postulated the ground state is 
not repopulated on the time scale of the experiment. This is because ketones generally 
have much higher triplet state energies and consequently rate constants for quenching 
by molecular oxygen are much slower, as a result the ground state will not be 
repopulated at the same rate or to the same extent as observed with anthracene. More 
photons are absorbed with anthracene and hence it is possible to obtain an apparent 
yield greater than one. Therefore the explanation of obtaining high oxygen quantum 
yields lies in the fact that the anthracene ground state is repopulated within the laser 
pulse whilst that of the standard is not. 
The effects described can be reduced by operating at much lower laser fluence or by 
using a much shorter laser pulse. 
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7.5 Conclusions 
Benzophenone 
Singlet oxygen quantum yields ranged between 0.51 and 0.69, these values are 
generally higher than the majority of values found previously in conventional 
solvents. This was explained in terms of the high oxygen concentrations used in this 
study compared to previous experiments, which allowed a higher fraction of triplet 
states to be quenched. The yields were observed to decrease with pressure, attributed 
to an increase in viscosity retarding formation of the exciplex, leading to slower 
quenching rate constants, and consequently a smaller proportion of benzophenone 
triplet states are quenched. A negative temperature dependence was observed which 
was attributed to exothermic exciplex formation, which results in smaller j/ values. 
Anthracene 
Quantum yields ranged between 0.88 and 1.30. Quantum yields increased with 
temperature, attributed to the positive temperature dependence on the fraction of 
anthracene singlet states quenched by oxygen (Ps°Z), and on a reduction in viscosity. 
A negative pressure dependence was observed, which was attributed to increasing 
solvent viscosity. Between 40% and 75% oxygen the quantum yields obtained ranged 
from 0.88 to 1.11, values greater than one were within the experimental error. 
However, values greater than one obtained at 100% oxygen could not be explained by 
the error at higher temperatures. Plausible explanations were that the singlet oxygen 
quantum yield for perinaphthenone was not independent of temperature and 
degradation of perinaphthenone under continuous irradiation. However, further 
studies into perinaphthenone photo-stability are required to find conclusive evidence. 
Quantum yields and trends observed relative to phenazine were similar to those 
obtained for perinaphthenone, indicating the values obtained are fairly accurate. 
Modelling studies revealed that the anthracene ground state is repopulated within 
laser pulse, which allows multiple excitation to occur, particularly at high oxygen 
concentrations. This re-excitation of anthracene ground state molecules within the 
laser pulse explains why high yields are obtained. This implies the singlet oxygen 
quantum yields obtained from anthracene are dependent on laser energy. 
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Chapter 8 
Conclusions and Further Work 
8.1 Conclusions 
It has been possible to measure quenching rate constants for the quenching if 
benzophenone triplet states by oxygen, in supercritical carbon dioxide. Rate constants 
were found to occur below one ninth of the diffusion controlled rate constant, 
predicted by spin statistical factors. This was rationalised in terms of the high triplet 
energy of benzophenone, resulting in poor Franck-Condon factors, and in terms of 
exothermic exciplex formation resulting thermally activated triplet state repopulation 
from the encounter complex. A negative temperature dependence on the quenching 
rate constant and consequently negative apparent activation energies were attributed 
to exothermic exciplex formation, and the negative pressure dependence was 
explained in terms of increasing viscosity retarding exciplex formation. 
Solubility experiments revealed that both benzophenone and anthracene solubilities 
altered with temperature and pressure, in the SCF cell. Benzophenone exhibited a 
negative temperature dependence, attributed to an exothermic dissolution process and 
was observed to reach a limiting solubility at high pressures. 
Anthracene concentrations increased with temperature, which was attributed to the 
dissolution process being endothermic. An increase in concentration was also 
observed with increasing pressure, since solvent density increases with pressure and 
therefore more anthracene is dissolved. 
Singlet oxygen quantum yields obtained for benzophenone were generally higher than 
found previously, which was explained by the different methodologies employed and 
the high oxygen concentrations used which led to a higher fraction of triplet states 
being quenched. Singlet oxygen quantum yields for benzophenone have previously 
not been reported in supercritical fluids. A negative temperature dependence was 
observed which further corroborated the postulate for formation of an exotherrnic 
exciplex. Singlet oxygen quantum yields for both benzophenone and anthracene 
exhibited a negative pressure dependence, attributed to increasing solvent density. 
However, in contrast to benzophenone, quantum yields for anthracene increased with 
increasing temperature, attributed to an increase in the fraction of excited states 
quenched with temperature. 
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Quantum yields obtained at 100% oxygen were greater than one, which was not 
expected, since quenching of the singlet state leads to production of the triplet state 
without production of singlet oxygen. Singlet oxygen modelling studies revealed that 
the rate of quenching by oxygen was fast enough to repopulate the singlet ground 
state within the laser pulse, allowing re-excitation to occur. As a result the quantum 
yields were overestimated, particularly at high oxygen concentrations. Multiple 
excitation is not expected to occur with benzophenone because ketones generally have 
much higher triplet states and consequently rate constants for triplet state quenching 
by oxygen are much slower, as a result the ground state would not be repopulated at 
the same rate i.e. within the laser pulse. 
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8.2 Further Work 
• Since low oxygen quenching rate constants have been obtained for 
benzophenone, it would be interesting to measure the rate constants for 
quenching of compounds with high and low triplet energies. This would 
establish under what circumstances the quenching rate constants are diffusion 
controlled and allow the study of the effect of temperature and pressure. 
• It would also be interesting to study the quenching of anthracene triplet states 
by oxygen, to observe how the quenching rate is affected by temperature and 
pressure, to correlate this data to the singlet oxygen quantum yield data. 
• Although singlet oxygen quantum yields have been measured for 
benzophenone and anthracene relative to perinaphthenone and phenazine, it 
would be of use to measure a wider range of sensitizers to obtain relative 
yields. In particular dicyanoanthracene may be an interesting standard, since it 
produces singlet oxygen quantum yields of two at high oxygen concentrations. 
• It would be of use to measure the oxygen quenching rate constants for 
perinaphthenone and phenazine as a function of temperature in order to 
determine whether an exothermic and reversible exciplex is formed. Data from 
quenching experiments could then be to modelled, to see whether the 
perinaphthenone ground state is repopulated within the laser pulse, allowing 
multiple excitation and to what extent. 
• Since multiple re-excitation is possible due to the duration of the laser pulse, it 
would be interesting to study the quantum yields obtained from anthracene at 
much shorter pulse widths. 
• Since it has been suggested that perinaphthenone may degrade it is necessary 
to conduct an investigation into the photo-stability of perinaphthenone in 
supercritical carbon dioxide, and it would also be interesting to investigate the 
photochemical stability of phenazine. 
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